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The  ullage  In  aircraft  fuel  tanks  becomes  potentially  explosive  when  the  oxygen 
concentration  of  the  fuel  vapor-air  mixture  exceeds  approximately  9Z  by  volume. 

To  insure  elfectivo  and  efficient  use  of  active  fuel  tank  inerting  under  a  wide 
range  of  env ironmeut al  and  operational  conditions,  the  oxygen  concent '  at  ion  must  be 
continuously  monitored.  This  study  has  resulted  in  the  development  of  a  1  boratory 
breadboard  model  of  a  sensor  which  is  specific  for  oxygen.  The  concept  employs  a 
change  in  frequency  of  a  radio-frequency  (RF)  oscillator  due  to  the  paramagnetic 
property  of  oxygen.  Demonstration  of  feasibility  was  limited  to  ambient  laboratory 
conditions. 
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FOREWORD 


This  is  the  final  Technical  Report  prepered  and  submitted  by 
Advanced  Technology  Operations  of  Beckman  Instruments,  Inc.  The  effort 
was  sponsored  by  the  Air  Force  Aero  Propulsion  Laboratory,  Air  Force 
Systems  Command,  W.-ight-Patterson  AFB,  Ohio  under  Contract  No.  F3361S- 
73-C-2008  for  the  period  1  November  1972  to  1  May  1974.  The  work  herein 
was  accomplished  under  Project  3048  "Fuels,  Lubrication,  and  Fire  Pro¬ 
tection",  Task  304807,  "Aerospace  Vehicle  Fire  Protection"  with  G.T.  Beery, 
AFAPL/SFH,  as  Project  Engineer.  Mr.  Jean  Bordeaux  of  Beckman  Instruments, 
Inc.  was  technically  responsible  for  the  work.  Other  Beckman  personnel 
were:  M.  W.  Green,  Scientist;  Wallace  Chase,  Chief  Project  Engineer; 

John  Fisher,  Mechanical  Engineer. 

This  technical  report  has  been  reviewed  and  is  approved. 

Benito  P.  Botteri 
Chief,  Fire  Protection  Branch 
Fuels  and  Lubrication  Division 


ABSTRACT 


A  technique  for  measuring  the  percent  of  oxygen  in  me 
ullage  space  of  an  aircraft  fuel  tank  was  selected  for 
laboratory  investigation  to  determine  the  feasibility  of  the 
technique.  Available  oxygen  Fencing  systems  are  not  designed 
for  the  application  nor  the  environment  and  as  such  cannot  be 
directly  applied  to  the  problem. 

A  measurement  concept  based  on  the  unique  paramagnetic 
property  of  the  oxygen  molecule  was  selected.  Analyses  of 
several  possible  methods  of  utilizing  the  paramagnetic  property 
for  sensing  oxygen  concentration  were  made.  Calculations 
shoved  that  the  most  promising  approach  was  to  use  an 
oscillating  circuit  wherein  the  resonant  frequency  cf  the 
circuit  would  vary  in  proportion  to  oxygen  concentration. 

This  was  accomplished  by  placing  an  air  core  irductor  in  a 
sampling  chamber  so  that  the  coil  inductance  would  be  changed 
as  a  result  of  the  influence  of  oxygen  on  the  flux  field 
around  the  coil.  This  resulted  in  a  frequency  change  of 
the  LC  circuit.  Oxygen  concentration  was  quantitlzed  by 
beating  the  LC  circuit  output  against  a  stable  clock  fre¬ 
quency.  The  difference  in  frequency  is  a  direct  measure 
of  the  partial  pressure  of  oxygen  in  the  sampling  chamber. 

A  series  of  tests  were  made  at  room  temperature  on  two 
breadboard  assemblies.  Oxygen  measurements  were  made  from 
0  to  100X.  Accuracy  of  the  measurement  was  limited  by  system 
noise  which  was  equivalent  to  about  2X  oxygen.  Noise  sources 
were  identified  as  well  as  areas  for  improving  signal  strength 
so  that  it  was  concluded  that  measurements  approaching  IX  of 
true  value  could  very  likely  be  achieved  with  further  work- 
The  noise  sources  were  discussed  and  a  plan  for  eliminating 
them  was  presented  along  with  high  temperature  testing  in  the 
presence  of  fuel  vapors. 
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1.0 


INTRODUCTION  AM  SUMMARY 


The  Need  tor  Mcasur  1»| 
culties  Involved 


Oxvgon  In  Aircraft  Fuel  Tanks  and  the  Diffi- 


Thv  ull.igc  in  atriraft  fuei  tanks  contains  an  explosive  fuel  vapor-air  mixture 
when  the  oxygen  concentration  exceeds  about  9X  by  volume.  To  enable  effective 
use  of  inerting  systems,  the  oxygen  concentration  must  be  measured  under  envi¬ 
ronmental  extremes  that  preclude  the  use  of  commercial  instruments. 

Aircraft  presently  operate  with  potentially  explosive  mixtures  in  the  ullage 
(gas  space)  of  the  fuel  tanks.  At  least  one  commercial  aircraft  has  been  lust 
due  to  detonation  of  the  combustible  fuel  vapor-air  mixture  in  the  fuel  tanks 
by  lightning.  Military  transports  are  subject  to  additional  sources  of  damage 
such  as  small  arms  fire.  Inerting  systems  are  being  developed  to  prevent  the 
occurrence  of  explosive  conditions  (i.o.,  above  9X  oxygen  by  volume  in  the 
ullage  ot  the  fuel  tanks). 

To  be  effective,  an  inerting  system  must  prevent  the  concentration  of  oxygen 
from  ever  exceeding  ubout  9%  by  volume  in  the  ullage  space.  For  higher  oxygen 
concentrations,  a  spark  of  sufficient  energy  can  cause  an  explosion  of  the  fuel 
vapor-air  mixture.  For  oxygen  concentrations  below  ubout  9X  by  volume,  the  mix¬ 
ture  cannot  explode;  that  is,  a  flame  is  not  self-propagating.  Clearly,  it  is 
desirable  to  have  an  oxygen  sensor  capable  of  directly  and  continuously  monitoring 
the  to ace at  rat  ion  of  oxygen  in  the  ullage  to  verify  that  the  inerting  system  is 
performing  correctly. 

To  directly  measure  oxygen  in  the  ullage  of  a  fuel  lank,  the  oxygen  sensor  must 
perform  accurately  and  reliably  under  severe  environmental  conditions.  Conrner- 
ciully  available  oxygen  sensors  cannot  meet  most  of  these  requirements  (see 
Table  1). 

1 . 2  I nabl 1  It v  o f  Available  Oxygen  Sensors  to  Meet  Requirements 

All  commercially  developed  oxygon  sensing  techniques  were  surveyed  and  found 
incapable  of  meet  Ing  one  or  more  of  the  basic  requirements  foe  the  fuel-tank 
environment.  Only  the  commurc ial ly  undeveloped  Greene-Hummel  approach  seemed 
capable  of  meeting  the  requirements. 

A  brief  survey  of  available  oxygen  sensors  was  required  to  select  the  most 
promising  approach  for  an  optimum  fuel-tank  sensor.  Beckman  Proposal  CS73-501, 
submitted  in  response  to  RFQ  F3361 5-73-Q-2008 ,  .  ontalns  a  relatively  detailed 
discussion  of  the  available  sensors  and  an  analysis  of  their  suitability  for 
this  application.  A  summary  of  the  deficiencies  of  each  approach  is  given  in 
Table  II.  The  sensors  considered  were: 


Electrochemical  sensors,  variously  called  polarographic ,  galvanic,  or 
fuel  cells.  All  have  a  diffusion  limiting,  gas  permeable  membrane  over 
the  cathode. 


Table  1.  Comparison  of  Operational  Requirements  for  Fuel-Tank 
Oxygen  Sensor  with  Operating  Parameters  of  Commercial 
InMtruments 


Opcrat lonal 
Requirements 

9  Operating  Temperature:  -54  to  170*C 

•  Operating  Pressure:  2  to  25  psig, 
dynamic 

•  Specificity:  maintain  calibration  with 
variations  of  Nj,  COj,  and  fuel  vapor 
content 

•  Readout:  Direct  0-1SX  O2  by  volume 
output 

•  Fuel-wetting:  no  detrimental  effect 
from  submersion 

•  Repeatability:  IX  of  full  scale  for  any 
90-day  period 

•  Response  Time:  not  to  exceed  one  minute 
for  any  combination  of  conditions 


Commercial  Instrument 
Typicel  Parameters 
and  Characteristics 

-  0  to  50* 

-  Pressure  stable  to 
within  ±1X 

-  Specificity  varies 


Partial  pressure  O2 
output 

Liquids  prohibited 
IX  for  24  hours 


Jnoperstlve  under 
some  conditions 


Table  11.  Summary  of  Deficiencies  of  the  Available 
Techniques  Surveyed 

Elect roc hem leal 

•  Cannot  meet  thermal  icquirements 

Ultraviolet  Absorption 

a  Cannot  operate  ofter  fuel  vetting 

a  Fuel  vapor  interface  would  probably  be  large 

Indirect  Paramattnet ic 

•  Cannot  meet  specifications  due  to  large  and  complicated 
dependence  upon  temperature,  pressure,  orientation,  and 
background  gas 

Direct  Paramagnetic 

•  Viscosity  bridge  cannot  meet  thermal  or  fuel  wetting 
requirements 

a  Beckman/Pauling  sensor  cannot  meet  fuel  wetting 
requirements 

•  Greene-Hummel  approach  appeared  capuble  of  meeting  all 
major  requirements,  but  had  never  been  commercially 
developed 


•  .Spectrophotometer  ,  ■  j  1 1  raviolet  absorption  by  i-xygi  !i  Jn  the  140-  to 
1 30-nanometer  region. 

•  Indirect  paratnagnd  lc  HenHor*.  util  Icing  t  umblneJ  thermal  and  mag  no  tic 

effects. 

•  Direct  paramagnetic  sensors,  Including  the  viscosity  bridge,  Beckman/ 
Pauling  torsion  balance,  and  the  Greene-Hummel  Reluctance  sensor, 

The  Greene-Hummel  senior  has  never  been  commercially  developed. 

Of  those  known  approaches,  only  the  Greene-Hummel  sensor  appeared  capable  of 
maetirvg  all  basic  requirements . 

J, .  3  Summary  of  Contract  Objectives  and  Work  Accompiithntentw 

The  major  objective  of  selecting  an  optimum  technique  to  measure  oxygen  concen¬ 
tration  In  the  ullage  of  an  aircraft  fuel  tank  has  been  aecompl lehed.  The 
feasibility  of  the  technique  has  bean  demonstrated  by  testing  a  laboratory 
breadboard  model  and  measuring  low  concentrations  of  oxygen.  However,  testing 
waa  limited  to  ambient  conditions  end  needs  to  bs  extended  to  determine  per¬ 
formance  in  simulated  environments. 

The  basic  contract  objectives  were  to  select  one  approach  capable  of  develop¬ 
ment  Into  an  optimum  fuel-tank  oxygen  sensor  and  to  design,  fsbrlcste,  and 
test  a  breadboard  modal  of  the  sensor  in  simulated  tanks  to  demonstrate  com¬ 
pliance  with  the  basic  environmental  end  performance  raqulramanta. 

Based  upon  the  review  of  available  techniques  described  In  Beckman  proposal 
CS7 3-501,  the  Greena-IluBnel  approach  was  selected  for  detailed  design  analysis. 

The  program  plan  called  for  a  complete  analysis  of  the  Greene-Hummel  sensor  to 
verify  that  the  performance  predicted  in  tha  proposal  could  be  achieved.  The 
program  plan  then  called  for  generation  of  detail  designs,  fabrication,  and 
tasting. 

Major  difficulties  arose  as  the  Greane-Hummel  sensor  analysis  proceeded.  As  a 
consequence,  aeveral  alternative  configurations  were  considered.  Approximately 
thrne  months  of  effort  were  devoted  to  analysing  these  alternatives.  Over  two 
hundred  pages  of  calculations  were  submitted  to  Wrlght-Patterson,  along  with 
our  recommendation  to  abandon  tha  basic  Greane-Hummel  approach  In  favor  of 
meaaurament  of  tha  resonant  frequency  of  a  coll,  such  frequency  being  a  function 
of  the  magnetic  susceptibility  of  the  medium  surrounding  the  coil.  This  approach, 
called  the  "RF  Sensor"  for  brevity,  was  subsequently  designed,  fabricated,  and 
tasted. 

The  following  paragraph  summarises  the  features  and  performance  of  the  laboratory 
model  of  the  RF  Sensor, 
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1.  4  Kcalnrea  and  Performance  Obtained  from  l.aboi  atory  Breadboard  HK 

Sin  sot 

Bused  upon  tests  at  ambient  conditions  only,  t  bo  HK  Sensor  li.ts  demon  st  rot  cd  the 
potential  to  meet  all  basic  requirements  of  t  lie  application.  Only  minor  rework 
of  mechanical  parts  and  re-1  lining  Willi  lilgh-t  cnipet  atui  e-rcslst  ant  electronics 
should  be  required  to  permit  operation  at  l/lft  (controlled)  before  testing  in 
a  fuel  took  can  be  accomplished. 

The  final  laboratory  breadboard  model  of  I  lie  KK  Sensor  (MOD  II),  shown  in 
Figure  1,  consisted  of  a  sampling  chamber,  a  radio-frequency  (RK)  osclllAtor, 
a  zero  reference  chopper,  a  reference  crystal  oscillator,  and  a  chopper 
actuator.  Its  features  and  potential  performance  are  summarized  below: 


Figure  1.  MOD  II  Laboratory  Breadboard  Model 


•  Concept  Kens  lb  1 1 1  tv 

The  measuring  concept  described  is  sufficiently  sensitive  to  use  the 
paramagnetic  property  of  oxygen  ns  a  means  of  quantifying  low  con¬ 
centrations  of  oxygen. 

*  Dynamic  Ran^c 

A  dynamic  range  capability  ol  from  0  to  liX  oxygen  can  be  provided. 
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Accuracy 

An  absolute  accuracy  of  0.5%  is  possible  over  the  entire  dynamic 
range  from  a  minimum  level  of  5%  oxygen.  From  0  to  5%,  a  1% 
accuracy  is  possible. 

Readout  Interval 

While  sampling  would  be  done  on  a  continuous  basis,  oxygen  concen¬ 
tration  readouts  are  possible  at  10-second  intervals. 

Readout 

Fressure  compensation  can  be  accomplished  to  provide  a  direct  meter 
readout  in  percent  oxygen  by  volume.  This  could  cover  the  range  of 
from  2  to  35  psla. 

Wetting  Impact 

The  pressure  of  jet  fuel  vapors,  carbon  dioxide,  or  nitrogen  will  not 
interfere  with  the  oxygen  measurements. 


The  sensor  would  not  constitute  an  ignition  source  or  other  hazard  in 
the  fuel  tank. 

Noise  Level 

Noise  levels  could  be  reduced  with  improved  electronic  and  mechanical 
design  to  the  point  that  1%  resolution  is  possible  in  the  0  to  9% 
oxygen-by-volume  range. 

Temperature  Range 

Although  elevated  temperature  tests  were  not  made,  from  our  analyses 
we  have  concluded  the  system  should  be  capable  of  operating  at  170°C 
with  available  components. 

Replenlshables 

No  replenlshables  are  necessary  for  the  system. 

Power  Supply 

The  system  can  be  made  to  operate  from  available  aircraft  power 

Supplies. 

Power  Consumption 

Total  power  consumption  should  not  exceed  10  W  during  continuous  oper¬ 
ation.  The  sensor  head  would  take  a  major  portion  of  this,  so  that 
higher  wattages  would  be  necessary  for  accelerated  warmup  from  low 
ambient  temperatures. 

Weight  and  Volume 

A  flight  model  sensor  head  should  not  exceed  5  lb  in  weight.  Supporting 
electronics  should  not  exceed  10  lb  and  should  easily  be  contained  in  a 
standard  19-inch  rack  mounting. 
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Stability.  Maintenance.  Calibration 


Breadboard  tests  were  not  sufficient  to  predict  long-term  stability, 
maintenance,  or  calibration  requirement*  . 

2.0  ANALYTICAL  STUDIES 

2. 1  Evaluation  of  Greene-Hummel  Approach 

2.1.1  Summary  of  Modified  Greene-Hummel  Principle  of  Operation  and 
Potential  Performance  Capability 

The  Greene-Hummel  magnetic  reluctance  principle  was  selected  for  detailed  study 
because  it  was  the  only  technique  that  appeared  capable  of  meeting  all  of  the 
basic  requirements  for  an  aircraft  fuel-tank  oxygen  sensor. 

Advantages  of  the  Approach — The  Greene-Hummel  approach  is  based  upon  the  effect 
of  oxygen  upon  the  reluctance  of  a  magnetic  circuit.  The  principle  had  been 
described  first  by  W.  J.  Greene  and  then  by  Dr.  Heinz  Hummel.  In  1958  a  proto¬ 
type  Hummel  sensor  was  fabricated  at  Beckman  that  operated  within  the  expected 
parameters.  Although  low  signal  levels  were  typical  of  the  Greene-Hummel  type 
of  sensor,  it  had  several  advantages  of  importance  to  oxygen  measurement  in 
the  ullage  of  fuel  tanks;  it  was  entirely  free  from  contamination  problems, 
it  was  rugged,  it  would  clear  itself  if  wetted  with  fuel,  and  it  was  capable 
of  operating  over  very  wide  temperature  and  pressure  ranges  (see  Table  III). 
Other  approaches  did  not  offer  this  combination  of  advantages.  Consequently, 
the  Greene-Hummel  approach  was  considered  to  be  the  only  technique  with  the 
capability  of  meeting  the  requirements  for  an  aircraft  fuel-tank  sensor. 


Table  III.  Comparison  of  Required  Specifications  and  Potential 
Capability  cf  Modified  Greene -Hummel  Sensor 


Potential  Capability  Based 
Upon  Materials  and  Theory  of 
Operation  of  Greene-Hummel 
Sensor 


Required  Operating 
Parameter  and  Range 

•  -54  to  170°C 

•  2  to  25  psig,  dynamic 

•  Specific  to  oxygen 

•  Direct  V,  O2  output 

•  Immune  to  fuel  wetting 

•  1%  repeatability  for  90  days 

•  No  sample  conditioning 


-  -65  to  <-200°C 

-  Can  be  compensated  with  two 
pressure  transducers 

-  Satisfactory 

-  Satisfactory  (2  transducers) 

-  Transient  effects  only 

-  Theoretically  possible 

-  None  required 


Principle  of  Operation — The  measurement  of  oxygen  by  the  Greene-Hummel  technique 
is  based  upon  the  fact  that  oxygen  is  highly  paramagnetic  (i.e.,  attracted  into 
a  region  of  higher  magnetic  field)  compared  to  other  gases  of  concern,  which  are 
slightly  diamagnetic  (i.e.,  expelled  from  a  magnetic  field).  In  particular,  the 
hydrocarbons  of  fuel  vapor  have  small  and  predictable  magnetic  susceptibilities 
(see  Figure  2).  Thus,  the  Greene-Hummel  technique  was  considered  sufficiently 
specific  for  oxygen  within  the  required  operating  environment. 


Figure  2.  Diamagnetic  Susceptibility  of  Hydrocarbons  Showing 
Linear  Relation  to  Number  of  Carbons,  and  the 
Effect  of  Multiple  Carbon  Bonds 

The  modified  Greene-Hummel  sensor  measures  the  susceptibility  of  the  sample  by 
alternately  introducing  sample  gas  and  two  solid  references  into  the  air  gap  of 
a  magnetized  magnetic  structure.  The  chopper  sequence  would  be  zero-sample- 
zero-ref  erence-zero-etc  .  The  change  in  magnetic  flux  linking  a  coil  located  on 
the  magnetic  structure  due  to  the  changes  In  the  magnetic  reluctance  of  the  air 
gap  induces  an  alternating  voltage  in  the  pickup  coll,  the  amplitude  of  which  is 
proportional  to  the  difference  between  the  zero  reference  and  the  sample  suscepti¬ 
bility  for  one  cycle,  and  to  the  difference  between  the  zero  and  upscale  reference 
susceptibilities  for  the  following  cycle.  These  portions  of  the  total  cycle  are 
synchronously  demodulated  to  provide  separate  dc  analog  signals  proportional  to 
the  sample  and  reference  susceptibilities,  respectively. 
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The  resultant  dc  signals  may  be  ratloed  electronically  to  cancel  all  common- 
mode  sources  of  error,  such  as  variations  in  magnetic  field  strength,  air-gap 
length  and  area,  magnetic  core  permeability,  and  the  effects  of  a  liquid  fuel 
liim  coating  the  pole  faces  and  the  chopper. 

The  ratioed  output  may  be  further  compensated  for  the  effects  of  temperature 
and  pressure  upon  both  the  output  zero  and  sensitivity  of  the  system.  The 
compensated  output  may  then  be  divided  by  the  output  of  an  absolute  pressure 
transducer  to  convert  the  final  output  to  the  required  percentage-of-oxygen 
basis. 


Conclusion- -All  materials  of  construction  are  capable  of  withstanding  the  fuel- 
tank  environment,  but  further  evaluation  of  this  approach  was  necessary  before 
an  optimum  sensor  of  this  type  could  be  designed.  The  major  factors  requiring 
further  study  were  chopper  materials  and  chopper  mechanical  design,  weight 
versus  sensitivity  tradeoffs,  and  optimization  of  the  signal-to-noise  ratio. 


Difficulty  in  Selection  of  Chop 
to  Attain  Required  Performance 


ser  Materials  and  Design  of  Chop 


A  detailed  study  of  chopper  materials  revealed  that  the  sensor  output  zero 
dependence  upon  temperature  would  be  about  100  times  as  large  as  the  initial 
estimate.  This  fact  made  the  precise  compensation  originally  proposed  virtually 
impossible  unless  a  more  complex  chopper  and  demodulation  scheme  could  be 
employed . 


Assumptions  Re  Susceptibility  of  Ideal  Chopper  Material — Idealized  implementation 
of  the  Greene-Hummel  approach  described  in  Subsection  2.1.1  assumed  that  the 
chopper  base  material  had  a  diamagnetic  susceptibility  equivalent  to  minus  a 
few  percent  oxygen  (STP),  and  that  the  zero  and  up-scale  reference  could  be 
obtained  by  adding  different  amounts  of  a  slightly  paramagnetic  salt  to  this 
low  susceptibility  base  material.  This  assumption  was  based  upon  handbook 
data  indicating  that  teryllia  (BeO)  had  very  low  susceptibility.  The  study 
revealed  that  published  values  merely  reflect  the  purity  of  the  material 
tested,  and  that  .ill  pure  diamagnetic  materials  have  roughly  the  same  suscepti¬ 
bility.  Furthermore,  the  susceptibility  of  materials  useful  for  chopper  con¬ 
struction  is  of  the  order  of  minus  500%  O2  (STP)  equivalent. 


Data  Re  Susceptibility  of  "Real”  Chopper  Materials — The  large  diamagnetic  sus¬ 
ceptibility  for  "real"  chopper  materials  as  opposed  to  the  idealized  chopper 
means  that  a  real  chopper  w.ll  have  a  large  thermal  coefficient  of  suscepti¬ 
bility.  It  can  be  made  to  have  zero  susceptibility  by  the  addition  of  a 
paramagnetic  salt  at  only  one  temperature.  The  diamagnetic  solid  has  virtually 
no  thermal  coefficient,  and  the  paramagnetic  solid's  susceptibility  varies 
inversely  with  absolute  temperature.  If  both  susceptibility  components  are 
small  compared  to  full-scale  oxygen,  the  effect  may  be  compensated  with 
acceptable  precision.  However,  a  chopper  having  a  zero-reference  suscepti¬ 
bility  obtained  by  a  combination  of  diamagnetic  and  paramagnetic  materials 
equivalent  to  minus  and  plus  500%  O2  at  standard  temperature  and  pressure  (STP) 
at  25°C  will  have  a  net  susceptibility  of  about  -160"  O2  at  1703C  and  +180%  O2 
at  -54'C.  The  required  full-scale  range  of  15%  O2  (STP)  means  that  the  zero 
and  upscale  reference  could  change  about  ±10  times  full  scale  over  the  -54°C 
to  170°C  range.  Accurate  compensation  of  the  output  would,  therefore,  require 
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impractical ]v  precise  temperature  measurement.  The  situation  is  illustrated 
in  Figure  3. 


A  -  Idealized  chopper,  with  each  component  equivalent  to 
full-scale  oxygen  (15%)  at  25°C. 

B  -  Probable  coefficient  for  real  alumina  or  beryl  I ia  chopper 
with  each  component  equivalent  to  33  times  full-scale 
oxygen  (500'f)  at  25°C- 


Figure  3.  Temperature  Coefficient  of  Susceptibility  of 
Chopper  Formed  of  Mixture  of  Diamagnetic  and 
Paramagnetic  Components 


Possible  Solutions  to  Chopper  Susceptibility  Problems— There  are  several  possible 
ways  of  reducing  the  error  caused  by  the  larger  chopper  material  susceptibility. 
They  are: 

•  Use  of  hollow  zero  and  up-scale  reference  segments  to  reduce  the 
number  of  molecules  inserted  in  the  gap  by  a  factor  of  about  ten. 
However,  gating  of  the  preamplifier  to  block  the  large  transients 
introduced  by  solid  chopper  chamber  walls  would  be  necessary  in 
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this  case.  Chopper  design  and  fabrication  would  be  difficult,  but 
preliminary  calculations  Indicate  that  the  strength  would  be 
adequate. 

•  Use  of  a  ferromagnetic  additive  having  a  very  low  temperature 
coefficient  of  permeability  Instead  of  a  paramagnetic  additive 
could  reduce  the  net  chopper  temperature  coefficient.  This 
approach  would  require  precise  addition  of  parts  per  million  of 
f erromsgnet ic  material. 

e  Control  of  sensor  temperature  at  170°C,  which  is  possible  but 
sacrifices  one  cf  the  major  advantages  of  the  Greene-Hummel 
sensor  originally  believed  to  be  achievable. 

Mechanical  Design  Problems — The  chopper  mechanical  design  requirements  were 
also  reviewed.  While  the  chopper  disc  would  be  fragile,  both  alumina  and 
beryllia  should  withstand  the  rotational  stresses.  The  mechanical  tolerances 
would  be  quite  severe.  For  example,  the  shaft  and  chopper  blade  should  be  very- 
perpendicular,  with  an  allowable  tolerance  of  about  0.001  inch  (per  inch  along 
the  radius)  wobble  of  the  disc.  Fabrication  of  a  chopper  with  hollow  reference 
chambers  appeared  to  be  feasible,  but  it  was  apparent  that  a  significant 
development  program  beyond  the  scope  of  this  contract  would  have  been  required. 
A  rotating  magnet  version,  discussed  in  Subsection  2.2.2,  has  some  advantages 
in  this  regard. 

Conclusion — In  summary,  the  study  revealed  that  a  ptactical  chopper  at  reason¬ 
able  cost  would  have  such  a  large  thermal  coefficient  of  susceptibility  that 
it  would  be  necessary  to  control  the  sensor  temperature  at  170”C.  One  of  the 
major  anticipated  advantages  of  the  Greene -Hummel  approach  could  not,  there¬ 
fore,  be  realized  within  the  scope  of  this  contract.  This  was  a  major  fac  tr 
leading  to  the  ultimate  selection  of  the  RF  sensor  (which  also  requires  temper¬ 
ature  control)  for  the  laboratory  model. 

2.1.3  Impact  of  Pickup  Coil  and  Preamplifier  Noise  on  S/N 

Preamplifier  input  current  and  voltage  noise  limit  the  signal-to-noise  ratio 
(S/N)  attainable  with  a  sensor  of  given  mass.  Within  a  given  mass  restraint, 
the  S/N  can  be  optimized  by  proper  selection  of  chopping  frequency,  coil 
resistance  and  inductance,  and  other  design  parameters. 

The  optimization  of  S/N  by  control  of  design  tradeoffs  was  a  major  goal  of  the 
analytical  studies.  In  particular,  it  was  necessary  that  all  feasible  means  of 
improving  the  magnitude  of  the  signal  be  evaluated  from  the  standpoint  of  their 
impact  upon  noise,  since  the  basic  goal  was  improvement  of  S/N  (see  Table  IV). 
Briefly  stated,  this  study  indicated  that  while  S/N  could  be  optimized  by 
selection  of  design  parameters,  the  limiting  S/N  for  a  sensor  of  about  five 
pounds  would  be  marginal,  and  would  be  set  by  the  input  voltage  and  current 
noise  parameters  of  the  preamplifier. 

Preamplifier  Voltage  Noise — The  most  fundamental  parameter  is  the  input  voltage 
noise,  En,  of  the  preamplifier,  because  no  design  parameters  affect  ch^s  noise 
source  (except  amplifier  temperature).  The  net  noise  is  the  square  root  of  the 
sura  of  the  squares  of  the  individual  noise  component  amplitudes.  Completely 
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Table  IV.  Sumary  of  Impact  of  Electronic  Noise  Sources 


Preamplifier  voltage  noise 

e  Moat  fundamental  parameter,  aii.ce  it  cannot  be 
influenced  by  design  parameters  (except  operating 
temperature) .  Optimum  system  S/N  occurs  when  other 
sources  are  equal  to  or  Icsb  than  amplifier  voltage 
noise. 

Preamplifier  entrant  noise 

•  Resistive  component  can  be  made  negligible. 

•  Capacitive  component  is  negligible  at  useful  chopper 
frequencies. 

e  Inductive  component  Bets  maximum  limits  upon  number  of 
coil  turns  and  chopper  frequency. 

Johnson  noise 

e  Can  be  made  negligible  compared  to  amplifier  noise. 

Interconnecting  cable 

e  Not  feasible;  preamplifier  must  be  located  In  sensor. 


eliminating  Johnson  noise,  J  ,  and  the  noise  generated  by  the  preamplifier 
Input  current  noise,  ln,  will  make  the  system  noise  proportional  to 
Reducing  Jn  and  In  generated  noise  so  that  each  is  equal  to  En  will  only 
increase  total  noise  by  the  square  root  of  3,  or  1.7.  In  optimising  the 
design  parameters  that  affect  both  signal  and  noise,  therefore,  it  Is 
practical  to  make  the  other  noise  components  equal  to  the  noise  from  the 
En  component. 

Preamplifier  Current  Noise — The  preamplifier  input  current  noise,  In,  gener¬ 
ates  an  equivalent  voltage  noise,  en,  which  is  the  product  of  In  and  the  input 
impedance,  Zn.  The  pickup  coil  impedance  Is  complex,  consisting  of  coil  re¬ 
sistance,  capacitance,  and  inductance.  The  equivalent  voltage  noise,  en, 
includes,  therefore,  resistive,  er,  and  reactive,  ec  and  e^,  components.  The 
inductive  component,  e^,  increases  with  frequency,  which  is  a  factor  making 
the  preamplifier  noise  as  well  as  the  signal  dependent  upon  chopper 
frequency,  w. 

The  inductive  component  is  also  proportional  to  coil  inductance,  L,  which  in- 
creaaea  with  the  square  of  the  number  of  coil  turns.  Signal,  however,  increases 
at  a  linear  rate  with  the  number  of  turns,  which  mesns  that  for  a  given  chopper 
frequency  there  will  be  a  maximum  S/N  as  the  number  of  turns  is  increased.  The 
maximum  S/N  occurs  when  the  inductive  current  noise  component,  «LIn,  equals 

the  preamplifier  voltage  noise. 
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The  capacitive  component,  ec .  la  negligible  for  frequencies  Jignif lcontly  lower 
than  the  resonant  frequency  of  the  coil,  which  is  a  necessary  condition  for 
i  other  reasons.  The  resistive  component,  er,  is  not  frequency  dependent.  It 

I  may  be  made  negligible  compared  to  by  selection  of  a  coil  wire  alia  that 

j  vilj  make  the  coil  resistance,  R,  negligible  compared  to  wL.  The  other  fac- 

|  tors  affecting  coll  resistance — pole  aise,  number  of  turne,  length  of  coll, 

and  coil  temperature — must  also  be  considered  in  the  selection  of  wire  size. 

Johnson  Noise — The  Johnson  noise,  Jn,  is  proportional  to  the  square  root  of 
the  coil  impedance.  Calculations  indicate  that  for  a  practical  sensor  with 
|  a  solid-state  preamplifier,  the  Johnson  noise  will  be  negligible  compared  to 

!  the  amplifier  current  generated  noise,  en. 

t 

! 

(Effect  of  Pole  Area  on  Noise — For  a  given  magnetomotive  force,  both  the  signal 
and  the  Inductive  component  of  noise,  e^,  increase  linearly  with  pole  area. 

This  means  of  incressing  signal  is  preferred  over  increasing  the  number  of 
turns,  N,  since  en  increases  as  N?,  while  the  signal  increases  linearly  with 
N .  Pole  area  should,  therefore,  be  maximized  for  a  given  sensor  mass. 

Maximizing  the  Magnetomotive  Force — Once  the  design  parameters  are  optimized, 
as  briefly  discucaed  above,  the  only  means  of  improving  S/N  is  to  Increase 
the  magnetomotive  force  to  increase  the  flux  in  the  gap.  Maximizing  the 
magnetomotive  force  for  a  sensor  of  given  mass  is,  therefore,  desirable. 
However,  it  must  be  noted  that  the  maximum  useful  magnetomotive  force  is 
determined  by  the  allowable  flux  density  for  the  core  material,  and  also  by 
the  value  of  the  incremental  permeability  of  the  material  when  operating  at 
maximum  flux  density.  It  is  the  product  of  the  two  which  must  be  maximized. 

Interconnecting  Cable  Noise — Finally,  it  should  be  noted  that  the  ute  of  an 
interconnecting  cable  does  not  appear  to  be  feasible  because  of  eable-gener- 
5  ated  noise.  It  was  concluded  that  the  preamplifier  must  be  located  within 

*  the  sensor. 

I 

\  Discussed  next  is  the  required  preamplifier  bandwidth,  which  is  an  important 

j  factor  in  connection  with  preamplifier  noise. 

i 

t  2.1-4  Impact  of  Preamplifier  Bandpass  Requirement  of  Preamplifier  Noise 

7  The  preamplifier  bandpass  requirement  was  found  to  be  much  more  severe  than 

i  it  was  originally  believed  to  be.  The  major  impact  was  to  lower  the  S/N  in 

[  the  preamplifier,  setting  a  maximum  limit  upon  preamplifier  gain. 

! 

i  2 . 1 . 4 . 1  Derivation  of  Required  Bandpass 

|  Computer  simulation  was  employed  to  determine  the  harmonic  content,  and  hence 

j  the  required  preamplifier  bandpasu,  of  the  semi-sinusoidal  waveform  expected 

i  from  the  sensor  pickup  coll.  Typical  signal  waveforms  for  two  conditions  are 

■  shown  in  Figure  4.  When  the  reference  and  sample  waveforms  are  of  equal 

[  amplitude,  the  harmonic  content  is  low,  but  for  zero  oxygen  it  was  shown  that 

*  there  was  significant  content  (Q.37X)  out  to  the  21st  harmonic.  For  a  band¬ 

width  which  included  only  the  fifth  harmonic,  the  computer  reconstruction 
•  indicated  yeak  amplitudes  of  +8  and  -4%  would  be  seen  instead  of  zero  in  the 

'  zero  oxygen  interval. 


i 

[ 


Figure  4.  Output  of  Pickup  Coil  Assumed  for  Computer  Analysis  of 
Preamplifier  Bandpass  Requirements 

Since  the  true  output  could  be  expected  to  be  much  more  complicated  than  that 
assumed  (Figure  4),  it  is  probable  thac  the  bandpass  requirements  would  have 
been  more  severe  than  those  for  the  assumed  waveform.  It  was  therefore  con¬ 
cluded  that  the  preamplifier  bandpass  should  be  at  lc>ist  ten  times  the  chopper- 
generated  fundamental  frequency  to  avoid  significant  crosstalk  between 
reference  and  sample  cycles. 

2 > 1 . 4 . 2  Impact  of  the  Determined  Bandwidth 

The  major  impact  of  preamplifier  bandwidth  is  upon  the  total  rms  noise,  which 
increases  as  the  square  root  of  the  bandwidth.  The  preamplifier  gain  must  be 
such  that  peak  noise  is  not  clipped  if  the  noise  is  to  be  successfully  elim¬ 
inated  by  reducing  the  bandpass  after  demodulation.  Since  a  typical  solid- 
state  preamplifier  can  provide  ±10  V  output  without  clipping,  the  peak  noise 
must  not  exceed  10  microvolts  if  the  gain  is  to  be  one  million.  Sample  cal¬ 
culations  for  a  five-pound  sensor  indicated  that  preamplifier  noise  of  less 
than  0.5  microvolt  could  be  realised  for  the  required  bandpass  with  the  ampli¬ 
fier  at  25*C.  Thia  is  comparable  to  the  signal  for  0.5X  O2  at  STP.  Reduction 


13 


of  the  bandpass  after  demodulation  to  0.1  Hi  (by  integrating  for  10  aaconda) 
would  further  reduce  the  output  nolae  by  a  factor  of  about  100.  Increasing 
the  amplifier  temperature  would  lncreaae  the  noiae  considerably ,  but  satisfac- 
tory  performance  up  to  125*C  might  be  achievable  provided  the  amplifier  ia 
located  in  the  senaor,  with  no  interconnecting  cable  nolae. 

In  this  connection,  it  la  important  to  note  that  the  performance  and  Ufa 
expectancy  of  a  preamplifier  operating  at  170*C  are  unknown,  but  it  la  almoat 
certain  that  the  sensor  would  not  remain  within  specif icationB  above  125*C,  and 
It  is  probable  that  the  amplifier  would  be  permanently  dameged  within  e  ahort 
timo  if  operated  at  170*C.  In  thla  regard  tha  RF  sanaor  lias  a  distinct  advan¬ 
tage,  in  that  it  ia  poaaibla  to  make  a  solid-state  oscillator  oparata  at  170*C. 

2.1. 4. 3  Alternatives  Conaldared 

Several  alternative  mechanical  designs  of  the  modifiod  Greene-Huasnel  aenaor  are 
considered  in  the  following  paragraphs.  The  foregoing  dlscueeiona  of  electronic 
noise  and  preamplifier  bandwidth  requirements  also  apply  to  thaaa  daalgn 
altarnativaa. 

2. 2  Alternative  Designs 

2.2-1  Evaluation  of  tha  Hornfsck  Multiple  Pole  Approach 

A  sensor  design  utilising  multiple  poles  and  pickup  colls  symmetrically  arrayed 
about  the  axia  of  rotation  of  the  chopper  has  mechanical  design  advantages  coo¬ 
pered  to  an  asymmetrical  sensor  having  one  large  pole  and  pickup  coil.  There 
may  also  be  advantages  with  regard  to  adjusting  the  inductive  noiae  component 
to  optimum  for  the  maximum  chopper  speed  allowable  mechanically. 

A  literature  search  conducted  In  the  initial  phases  of  tha  contract  revealed 
U.S.  Patent  No.  2  467  211,  leeued  to  A.J.  Hornfeck  on  April  12,  1949-  This 
patent  describes  an  oxygen  sensor  similar  to  Greens' a  except  for  the  use  of 
multiple  poles  symmetrically  arrayed  about  tha  axis  of  chopper  rotation  (see 
Figure  5).  This  approach  has  mechanical  dsaign  advantages,  and  also  allows 
■ora  freedom  in  tha  selection  of  design  parameters  for  optimising  weight  vs. 
sensitivity  and  for  tha  control  of  tha  inductive  nolae  component  to  maximise 
S/N  at  maximum  allowable  chopper  speed.  But  it  also  has  significant 
disadvantages. 

2 . 2 . 1 . 1  Disadvantages 

The  major  disadvantage  of  utilizing  multiple  poles  and  coils  lies  in  the  geo¬ 
metrical  relationship  between  the  areas  of  each  pole  and  the  number  of  poles. 

The  area  per  pole  decreases  approximately  as  the  square  of  the  number  of  the 
poles,  n,  when  the  desirable  condition  that  there  be  four  chopper  aegments 
between  adjacent  poles  (each  of  the  same  area  as  the  poles)  is  Imposed.  The 
signal  decreases  as  the  number  of  poles  increases,  but  for  the  same  total 
number  of  coil  turns  (divided  between  n  small  coils  connected  in  series-aiding) 
the  inductance  decreases  more  rapidly.  Consequently,  for  a  given  magnetomotive 
force  and  sensor  size,  the  S/N  (for  the  inductive  noise  component  only)  increases 
linearly  with  n.  This  permits  more  freedom  for  the  optimization  of  total  S/N  at, 
say,  a  desirable  maximum  chopper  ^peed.  On  the  other  hand,  decreasing  the  signal 
by  increasing  n  is  feasible  only  to  the  limit  set  by  the  preamplifier  voltage 
noise. 
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2. 2. 1.2  Advintigti 

Using  n  smtll  coilg  in  series  chat  have  Cha  same  total  number  of  turne  aa  a  alngle 
large  coll  isquirea  a  smaller  mass  of  copper.  The  multiple  pole  approach,  there¬ 
fore,  provide*  more  freedom  of  choice  In  optinliatlon  of  mesa  to  aanaltivlty  of 
the  aansor.  The  coll  total  length  also  la  leas,  asking  the  coll  resistance 
smaller  for  a  given  total  number  of  turns  and  wire  else.  This  factor  makes  it 
easier  to  make  the  Johnson  noise  and  the  resistive  component  oi  amplifier  currant 
noise  negligible  compared  to  the  other  noise  source). 

Better  mechanical  rigidity  la  one  of  the  major  structural  advantages  of  the 
symmetrical  multiple  pole  structure.  Tho  analytical  study  revealed  that  mechan¬ 
ical  modulation  of  the  pole  gap  is  a  noise  source  of  concern.  Specifically,  the 
Skaxlmum  random  frequency  modulation  of  the  gap  must  be  less  than  about  one  part 
in  100  million  for  the  frequency  spectrum  covered  by  the  preamplifier  bandpass. 
Secondly,  gap  modulation  at  the  chopper  fundamental  frequency  must  be  stable  to 
within  about  one  part  in  one  billion  to  cause  leae  than  a  one-percent  oxygen 
error  (worat  case).  The  study  Indicated  that  such  mechanical  stability  ahould 
be  feasible  with  materials  with  very  high  Young's  modulus,  such  as  the  ferrii.es. 

2*2.1. 3  Alternative  Multiple  Pule  Arrangement 

In  the  event  that  a  prototype  sensor  had  shown  excessive  nolee  due  to  gap  modu¬ 
lation  and/or  due  to  stray  flux  linkages  with  the  magnetic  structure,  another 
multiple  pole  arrangement  could  have  been  employed  to  cancel  such  nolaa.  In 
this  configuration  a  double  array  of  poles  la  employed.  The  two  seta  of  poles 
and  coils  are  located  on  two  circles  of  different  radius,  both  concentric  with 
the  chopper  axis.  The  chopper  is  formed  with  tero-tero-asro-reference-aero-atc. 
sequence  on  one  circle,  and  aero-aample-sero-sero-sero-sampla,  etc.  sequence  on 
the  other.  The  two  chopper  and  pole  arrays  are  ataggared  in  angle,  so  that  when 
the  coils  are  connected  in  series-opposing,  the  net  signal  is  aero-ref erence- 
aaro- sample.  The  "up-scale"  reference  chopper  segment  is  more  diamagnetic  than 
the  aero,  so  that  when  inverted  by  connecting  those  colls  in  opposition  the  net 
output  reference  appenrs  as  an  up-acale  (paramagnetic)  signal.  The  smaller  poles 
of  the  inner  circle  arc  fitted  with  colls  of  proportionately  more  turns  to  pro¬ 
vide  equal  signals  for  equal  modulation  and  stray  flux  linkages.  Connection  of 
the  coils  in  series-opposing  provides  cancellation  of  all  common-mode  mechanical 
modulation  and  stray  field  effects.  Since  only  one-half  of  the  total  coil  is 
active  at  any  time,  the  sensor  S/N  for  electronic  noise  is  reduced  by  a  factor 
of  two,  all  other  conditions  being  equal. 

2.2.2  Evaluation  of  the  Rotating  Magnetic  Field  Concept 

A  sensor  design  concept  utilising  an  outer  flux  path  rotating  around  a  stationary 
center  magnet  has  the  advantage  of  a  large  signal- to-weight  ratio,  but  it  is 
probably  not  feasible  because  it  is  not  possible  to  have  bearing  tolerances 
that  rsstrlct  the  gap  modulation  to  one  part  in  one  million. 

Yst  another  mechanical  design  variation  was  considered  briefly.  In  this  version 
a  hollow  cylindrical  magnetic  structure  is  rotated  about  a  fixed  permanent  mag¬ 
net.  Tha  chopper  consists  of  material  in  the  cylindrical  gap  between  the  magnet 
and  tha  cylindrical  outer  magnetic  return  path.  The  arrangement,  illustrated  in 
Figure  6,  can  be  fairly  long,  increasing  the  pole  area  compared  to  that  realisable 
with  the  thin  chopper  disc  rotating  in  a  plane  discussed  previously. 
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BASIC  FEATURES 

FLOW-THROUGH  SAMPLE  CELL  END-TO-END 
CENTER  MAGNET  STATIONARY 
OUTER  FLUX  PATH  ROTATION  ~  3  600  rpra 
SEALED  ZERO  AND  REFERENCE  CELLS  (HOLLOW) 


ZERO 

REF 


ZERO 


SAMPLE 


ZERO 
REF 


figure  6.  Rotating  Magnetic  Field 
Concept — End  Vies 


The  advantages  are; 

•  Large  pole  area,  providing  large  aignal-to-welght  ratio. 

•  Fabrication  of  hollow  chopper  reference  eegmente  le  relatively  simple, 
possibly  naking  operation  without  thermal  control  feasible* 

The  malor  disadvantages  are: 

a  Rotation  of  the  magnet  and  pickup  coll  is  precluded  by  pickup  coil 
slip-ring  noise.  Rotation  of  the  outer  structure  is  difficult. 

•  The  Impossibility  of  having  bearing  tolerances  capable  of  restricting 
gap  modulation  to  one  part  in  one  million  is  obvious.  While  the  gap 
modulation  of  thla  structure  would  tend  to  be  self-cancelling,  it  is 
not  clear  that  such  modulation  would  not  make  this  design  totally 
impossible. 

2.2.3  Rationale  for  Selection  of  the  RF  Over  the  Greene-Huaaal  Approach 

The  analytical  studies  disclosed  unexpected  limitations  of  Che  Greene-Hummel 

approach  which  made  it  leas  attractive  for  further  development  than  the  RF 


•ensor.  Furthermore,  It  was  determined  that  tht  RF  ssnsor  performance  could 
be  considerably  laprovsd  by  using  recent  advances  in  alsctronics. 

2.2. 3.1  Limitations  of  Creene-Humael  Approach 

The  analytical  study  of  the  Greene-Hummal  sensor  and  the  various  modlf lcationa 
of  it  disclosed  that  major  limitations  were  to  be  expected  for  a  5-  (or  even 
1S-)  lb  sensor.  These  limitations  are  ausmarised  below,  roughly  in  order  of 
their  fundamental  impact  on  the  development  of  a  fuel-tank  oxygen  sensor t 

e  The  signal  will  be  about  one  fticuvolt  per  percent  O2  (STP). 

e  The  S/N  ratio  for  a  solid-state,  low-noise  preamplifier  at  2S*C  would 

be  satisfactory,  but  It  would  be  marginal  at  125*C  (or  lasa) ,  and  the 
preamplifier  would  be  either  inoperative  et  170*0  or  damaged  by  the 
exposure. 

e  Remote  location  of  the  preamplifier  ia  not  feasible  because  of  cable 

noise,  neceesitatlng  cooling  to  leas  then  125*C,  which  is  not  prscticsl. 

e  The  diamagnetic  susceptibility  of  all  solid  chopper  materials  is  so 
large  that  control  of  the  tensor  at  maximum  temperature  (170*0)  would 
be  necessary. 

•  A  vacuum  tube  preamplifier  operating  at  170*C  might  be  feasible,  but 
mlcrephonic  noise  might  then  become  the  limiting  factor. 

•  A  complete  prototype  sensor  would  be  required  to  verify  the  predicted 
performance,  since  none  of  the  components  could  be  tested  without  all 
of  the  others. 

While  thaae  factors  did  not  preclude  the  possibility  of  making  a  Graana-Hummal 
type  sensor  perform  satisfactorily,  they  certainly  reduced  the  probability  of 
success  within  a  reasonable  development  coat  and  ultimate  production  coat. 

Better  approaches  were  sought,  leading  to  the  selection  of  the  RF  sensor. 

2 . 2 . 3 . 2  Adventeaes  of  the  RF  Sensor  Approach 

The  basic  RF  sensor  concept  la  not  new,  but  all  reported  results  showed  that  it 
fell  short  of  masting  the  required  oxygen  resolution  by  e  factor  of  about  100, 
ev«n  under  the  beat  of  laboratory  condition)*.  For  this  reason  It  was  not  con¬ 
sidered  in  the  initial  review  of  possible  approaches.  Later,  however,  in  che 
analytical  study  of  tho  capabilities  cf  this  approach,  the  lataot  advances  in 
the  stata  of  the  art  of  electronics  were  applied.  It  was  concluded  that  with 
modern  techniques  and  components  the  RF  approach  was  preferable  to  the  Grerwe- 
Huemel  (see  Teble  V).  The  MAjor  advantages  compared  to  the  Greene-Hummel 
approach  are: 

e  Signal  level  in  the  several-volt  range,  with  meaeurament  determined 
by  Che  period  of  a  beat  frequency. 

e  A  eolld-atate  oscillator  operating  at  170*C  ie  feasible,  while  a 
low-noise,  solid-state  amplifier  la  not  feasible. 

e  Temperature  control  is  mandatory  for  the  RF  sensor,  but  the  study 

Indicated  that  it  would  also  be  required  for  the  Greene-Hummel  sensor. 
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Table  V.  Summary  of  Advantages  of  RF  Approach 
over  Greene-Hummel  Approach 


Factor  Compared 

•  Signal  Level 

•  Complexity  of  electronics 
a  Reliability  of  electronics 

•  Thermal  errors 

•  Pressure  errors 

•  Critical  tolerances 

•  Ultimate  weight 
a  Ultimate  power 

•  Ultimate  cost  (production 

model) 


RF  Compared  to 
Greene-Hummel 

-  much  better 

-  less  complex 

-  better 

-  better  control  required 

-  same 

-  much  less  critical 

-  considerably  less 

-  probably  less 

-  considerably  less 


•  Feasibility  of  each  major  component  of  the  RF  sensor  could  be  demon¬ 
strated  independently,  reducing  the  risk  of  development  funds  involved 
in  the  other  approach. 

•  The  RF  sensor  components  are  inherently  of  lower  mass. 

•  The  precision  required  for  mechanical  components  is  inherently  less 
severe. 

•  The  ultimate  cost  of  production  model  sensors  should  be  less  than  for 
the  Greene-Hummel  sensor. 

A  decision  was  made  to  pursue  the  RF  approach  only,  since  funding  did  not  permit 
parallel  efforts.  Section  3  describes  the  RF  sensor  in  greater  detail. 

3.0  SYSTEM  DESCRIPTION 

3. 1  Overall  System  Description 

The  system  is  basically  very  simple.  The  essence  of  the  oxygen  measurement  is 
a  change  in  frequency  of  a  radio-frequency  (RF)  oscillator  due  to  the  paramag¬ 
netism  of  oxygen. 

The  main  elements  of  the  RF  oxygen  sensor  are  a  sampling  chamber,  a  radio-frequency 
oscillator,  a  zero  reference  "chopper,"  a  reference  crystal  oscillator,  and  a 
chopper  actuator.  The  inductor  (sensing  coil)  of  the  RF  oscillator  is  enclosed 
in  the  sampling  chamber.  The  frequency  of  oscillation  shifts  in  direct  proportion 
to  the  partial  pressure  of  oxygen  due  to  the  effect  of  its  unique  paramagnetic 
property  on  the  flux  field  of  the  inductor.  The  change  in  the  RF  oscillator 
results  in  a  difference  frequency.  This  is  digitized  and  fed  into  a  binary  up- 
down  counter.  During  a  13-second  interval,  eight  "up"  counting  periods  occur 
with  the  chopper  in  the  sampling  chamber  and  eight  "down"  counting  periods  with 
the  sample  gas  in  the  chamber.  At  the  end  of  the  13-second  period,  the  data  on 
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the  oxygen  concentration  are  converted  to  an  analog  output  for  recording  and/ 
or  direct  meter  readout.  It  should  be  noted  that  the  specification  allows  a 
30-second  readout  period.  Our  output  would  be  more  accurate  if  the  data  were 
averaged  over  this  period  of  time.  However,  our  analyses  indicated  that 
system  accuracy  would  be  adequate  even  though  a  13-second  period  is  used. 

The  sampling  chamber  and  sensing  coil,  along  with  the  oscillator  electronics, 
are  designed  to  operate  in  a  thermally  controlled  zone.  This  zone  would  be 
held  at  170  ±1°C-  The  laboratory  breadboard  model  developed  used  a  manually 
tuned  frequency  synthesizer,  Hewlett-Packard  Model  No.  3100A,  in  place  of  a 
crystal  o  cillator.  A  flight  unit  would  use  a  crystal  oscillator  with  a 
phase-locked  loop. 

The  RF  sensor  approach  provides  a  theoretical  resolution  of  about  0.04X  O2  at 
sea  level.  At  altitudes  or  pressures  differing  from  one  atmosphere,  an  abso¬ 
lute  pressure  measurement  is  necessary  to  be  able  to  convert  the  oxygen  partial 
pressure  measurement  to  percent  oxygen  by  volume.  This  was  not  implemented  in 
the  breadboard  model. 

The  system  was  breadboarded  in  two  mechanical  configurations,  MOD  I  and  MOD  II 
(see  Figures  7  and  8).  As  a  result  of  testing  the  first  MOD  I  configuration, 
it  was  evident  that  to  achieve, the  desired  resolution  and  accuracy  the  system 
would  have  to  be  designed  and  assembled  to  be  insensitive  to  mechanical  vibra¬ 
tions  that  are  synchronous  to  the  chopping  frequencies.  The  MOD  II  configur¬ 
ation  included  design  changes  to  provide  the  mechanical  stability  that  was 
determined  to  be  needed  for  successful  operation  (see  Subsection  4.2.1). 

Details  of  the  two  mechanical  designs  and  the  electronics  are  presented  in 
the  following  paragraphs. 

3. 2  Electronics 

3.2.1  Overall  Electronics  Design 

Except  for  the  signal  measurement  and  conditioning  circuits,  all  circuits  and 
components  are  standard  off-the-shelf  items  or  of  common  design. 

The  overall  electronics  associated  with  the  signal  measurement  and  conditioning 
is  shown  in  the  block  diagram  in  Figure  9.  The  oscillator  circuit  is  the  only 
portion  of  the  electronics  that  would  need  to  be  exposed  to  the  fuel-tank 
environment.  It  is  shown  attached  to  the  outer  shield  in  the  photos  of  Figures 
7  and  8.  The  rest  of  the  electronics  fabricated  for  the  breadboard  are  housed 
in  the  separate  chassis  shown  in  Figures  10,  11,  and  12. 

Supporting  electronic  circuits  used  in  operating  the  breadboard  include  a 
stepper  motor  and  ramping  driver,  motor  position  sensor  and  control,  and  temper¬ 
ature  controller.  These  are  off  the  shelf  or  of  common  design  and  discussion 
of  them  does  not  contribute  to  the  explanation  of  the  measuring  system. 

3.2.2  Functional  Description  of  the  Measurement  Oscillator 

The  critical  part  of  the  electronics  is  the  measurement  oscillator,  since  a 
difference  in  oscillator  frequencies  between  when  the  sensing  coil  is  sur¬ 
rounded  by  an  air  mixture  and  when  it  is  surrounded  by  a  zero  reference  is 
the  basis  for  the  oxygen  measurement.  The  required  oscillator  stability  is 


Figure  7.  Configuration  of  MOD  I  Laboratory 
Breadboard  Model 


Figure  8.  Configuration  of  MOD  II  Laboratory 
Breadboard  Model 
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Figure  10.  Bandpass  FUt«r 


Figure  11.  Digital  -Electronics 
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net  by  the  inherent  design  of  the  oscillator,  by  the  fact  that  stability  is 
required  for  only  738  ns,  and  by  the  addition  of  a  phase-locked  loop  chat 
tunes  the  cryutal  oscillator  to  maintain  the  requlrod  22.2  kHz  beat  frequency. 


The  heart  of  the  systen  Is  the  measurement  oscillator.  The  schematic  for 
this  circuit  is  shown  in  Figure  13. 


3. 2. 2.1 


Requirement  for 


The  inductor,  LI,  of  the  tank  circuit  is  the  ''sensing"  coll.  This  Inductor  is 
formed  of  5  turns  of  Lite  wire  approximately  1  in.  in  diameter  and  3/8  in. 
long.  The  Lite  wire  is  made  of  104  braided  strands  of  44-gage  wire  with 
varnish  Insulation  and  a  cotton  cover.  This  permits  operation  to  125*C. 

The  Q  of  the  coll  should  be  200  for  obtaining  an  optimum  signal.  We  have 
achieved  a  Q  of  92  in  the  breadboard.  This  night  be  improved  with  an  opti¬ 
mum  Lite  wire  of  a  larger  number  of  strands  of  smaller  diameter,  e.g.,  450 
strands  of  60-gage  wire.  This  was  not  available  off  the  shelf,  although 
similar  wires  have  been  made. 


3. 2. 2. 2 


Basis  for  the  Oxygen  Measuremen t 


The  difference  in  the  oscillator  frequency  when  the  sensing  coil  is  surrounded 
by  an  air  mixture  compared  to  that  when  the  coll  is  surrounded  by  the  aero 
reference  chopper  is  the  basis  lor  the  oxygen  measurement.  The  nominal 
oscillator  frequency  is  2.8638  MHx.  The  frequency  change  between  the  zero 
reference  and  21X  atmospheric  oxygen  is  approximately  1/2  Hz.  Obviously 
oscillator  stability  is  a  major  requirement.  The  required  stability  during 
the  measurement  period  is  indicated  in  the  following  calculations. 


3. 2. 2. 3 


Calculation  of  the  Required  Oscillator  Stability 


From  the  literature,  the  volume  susceptibility  of  10QX  oxygen  at  0°C  and  one 
atmosphere  la  1.95  x  10~6.  Assuming  the  chopper  is  zero,  the  change  in  volume 
susceptibility  is 

4ttK  -  1.95  x  1Q~6 

At  170°C,  the  operating  temperature  of  the  sensor 

2 

4nK  -  1.95  x  10"6^|£|j  -  0.74  x  10"6 
For  2  psia  pressure  at  this  temperature 

4wK  -  0.74  x  10  x  jj—  -  0.10  x  10 
for  0. IX  resolution. 


4nK  •  0.10  x  10 


This  implies  an  oscillator  stability  of 


0.10  x  10 


1  part  in  10 
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However,  «  novel  feature  of  this  approach  ia  that  this  stability  la  only 
required  during  the  saapllng  interval  of  738  as.  Taste  have  shown  the 
breadboard  oscillator  to  r«aln  stable  to  0.01  ppa  for  one  hour  or  aore, 

3. 2. 2. A  Heed  for  Phase  Locking 

In  the  breadboard,  the  clock  frequency  aunt  be  annually  retuned  to  maintain 
the  22.2  kHs  difference  frequency.  If  the  aeaaure  oscillator  drifts,  the 
amplitude  of  the  signal  from  the  low*paaa  filter  will  drop  and  noise  will 
increase.  Within  the  limits  of  the  filter  bandwidth,  alight  changes  are 
cancelled  out  by  the  up-down  counting  logic.  To  permit  long-term  operation, 
a  phase- locked  loop  must  be  added.  Thia  will  monitor  the  22.2-kHs  signal 
and  correct  it  to  maintain  that  frequency  by  varying  the  bias  to  an  E-CAP 
that  will  modulate  the  45-MHs  crystal  clock.  That  la,  during  the  tero- 
reference  interval,  the  difference  frequency  is  varied  to  bring  the 
difference  frequency  back  to  22.2  UU.  In  the  breadboard,  the  45  MHi  io 
supplied  by  a  manually  tuned  frequency  synthesiser,  Hewlett-Packard  Model 
Mo.  5100A. 


3.2.3  Calculation  of  Systsn  leap lut Ion 

The  system  resolution  can  theoretically  meet  the  0.1-percent  specification 
requirement.  The  following  calculations  determine  the  system  resolution: 

The  number  of  counts  in  the  binary  output  ia  given  by 


■  1.34  x  10^ 


frf2 


2, 8618  x  10j 

22.2 


129 


Thus 


N 


170 


17.4 
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The  counting  resolution  per  counting  period  is  estlmeted  to  be  0.41  counts 
per  raasuremant.  Since  there  ere  S  measurements  per  12  seconds,  the  ns  error 
will  be 


0.41/8  *  1.16  counts  ras/12  s 
Thus,  the  output  resolution  will  be 

yjrj  -  0.07%  02  et  2  pels  and  170*C 


The  maximum  number  of  counts  eccunulated  during  a  12-eecond  period  at  170*C 

can  be  estimated  as 


«max 


This  would  require  a  12-bit  counter.  However,  the  output  during  ambient 
laboratory  tests  would  be 


N 
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5  935,  requiring  a  13-bit  counter. 


The  breadboard  has  a  14-bit  counter  to  permit  testing  with  higher  oxygen 
concentrations. 


The  output  of  the  binary  counter  is  put  through  a  digltal-to-analog  converter 
to  permit  continuous  recording  of  the  output.  This  analog  output  could  be 
supplied  to  a  meter  to  provide  a  direct  reading  of  percent  oxygen  concentration. 
However,  if  the  meter  were  scaled  for  sea  level,  then  to  operate  at  pressures 
other  than  sea  level,  a  pressure  correction  wuuld  have  to  be  meda  to  convert 
the  partial  pressure  measurement  of  oxygen  to  a  volume  percentage  reading.  A 
pressure  transducer  was  not  incorporated  into  the  breadboard. 

3.3  Mechanical 

3.3.1  Details  of  the  Mechanical  Design 

The  mechanical  design  must  contain  the  flux  surrounding  the  sensing  coll  and 
alternately  expose  the  flux  field  to  sample  gas  and  a  cero  reference  chopper. 
The  chopper  actuation  must  be  precisely  timed  and  must  not  mechanically  dis¬ 
turb  the  system  even  to  the  extent  of  a  fraction  of  a  microinch. 

3. 3. 1.1  Impact  of  MOD  I  Teats 

The  MOD  I  tests  indicated  the  criticality  of  relative  movements  between  parts 
associated  with  the  sampling  volume.  It  also  showed  that  vibrations  Imparted 
to  the  oscillator  electronics  were  a  noise  source.  The  magnitude  of  the 
noise  level  and  drift  rate  was  excessive.  However,  as  the  tests  did  indicate 
that  oxygen  measurements  were  being  achieved,  it  was  decided  to  redesign  the 
assembly  and  eliminate  the  identified  noise  sources.  To  accomplish  this,  a 
completely  new  mechanical  assembly  was  made.  The  layout  of  MOD  II  is  shown 
in  Figure  14.  The  photograph,  Figure  15,  shows  the  major  parts. 


28 


Figure  14.  Mechanical  Configuration  of  Aircraft  Fuel 
Tank  O2  Senaor 


3. 3. 1.2  hob,  U  Shppjm  Biaiin 

The  chopper  In  this  assembly  is  actuated  through  a  slot ted -yoke  linear  drive. 
The  chopper  shaft  la  positioned  by  two  linear  bell  bushings.  These  bushings 
absorb  the  slight  couple  Introduced  Into  the  chopper  shaft  by  the  elotted-yoke 
drive.  Very  close  axial  alignment  is  thus  maintained  so  the  chopper  can  move 
without  touching  the  inner  shield  or  the  senalng  coll  mount.  Chopper  clear¬ 
ances  ere  held  to  .010  inch  to  "chop"  as  large  a  seapllng  volume  as  possible. 

3.3. 1.3  Flui  Field  Containment 

The  flux  field  containment  was  laproved  by  closely  fitting  the  lower  shield 
around  the  Veapel  shaft.  The  upper  and  lower  plates  are  now  1/8- in.  copper 
plate,  where  previously  a  screen  wee  used.  The  sensing  coll  aount  Is  now 
damped  by  an  Interference  fit  under  the  upper  end  plate.  The  three  radial 
anas  of  the  coll  aount  were  previously  slaply  held  by  friction  in  slots  In 
the  Inner  shield. 

3.3. 1.4  Coil  Mount  end  Chopper  Material 

Both  the  coil  aount  and  chopper  ere  made  of  Vespel  Instead  of  Teflon.  The 
Veapel  la  dimensionally  stable.  Is  auch  harder,  Is  machinable  to  close  toler¬ 
ances,  and  has  acceptable  electrical  properties.  It  Is  also  resistant  to 
hydrocarbons  In  jet  fuel. 

3. 3. 1.3  Stepper  Motor 

The  NOD  1  stepper  motor  was  retained  as  the  actuator,  as  all  the  drive  elec¬ 
tronics  were  available  end  positioning  accuracy  with  this  method  has  been 
proven.  The  stepper  motor  Inherently  generates  vibrations  and  ultimately 
should  be  replaced  as  the  prime  mover.  A  viscous  daaper  and  rubber  aount 
were  used  to  minimise  vibration  trenemieeion  to  the  chopper  housing. 

The  bulk  and  weight  of  the  breadboard  aodel  would  be  reduced  considerably 
In  a  flight  configuration  nodal. 

4.0  TEgT  ,«SUI£S 

4.1  Static  Teste 

4.1.1  Testing  to  Determine  How  to  Achieve  Maximum  Inductance 

Tests  of  different  gap  areas  as  well  as  the  effects  of  shielding,  different 
ferrite  materials  for  the  inductor  core,  and  different  coll  configurations  of 
an  air  core  Inductor  were  made  to  determine  the  aaxlaua  inductance  that  could 
be  acted  on  by  the  paraaagnetlsa  of  oxygen  to  result  in  the  largest  frequency 
change  of  the  sensing  oscillator.  Based  on  these  results  and  available 
materiel,  ve  evolved  an  air  core  inductor  coll  of  1  in.  0D  by  3/8  in.  long, 
with  a  Q  of  92. 

As  part  of  the  development  effort,  tests  vers  conducted  on  subassemblies  to 
optimise  the  design.  These  tests  are  designated  "static"  tests  to  differ¬ 
entiate  then  from  the  operational  systsm  tests. 

A  major  problem  in  the  development  of  this  system  was  associated  with  the 
sensing  oscillator.  There  was  difficulty  in  determining  hov  to  achieve  the 
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maximum  Inductance  that  could  ba  acted  on  by  the  paramagnetism  of  oxygen  to 
reeult  In  tha  largest  poaalbla  frequency  change  of  the  sensing  oaclllator. 

The  Inductor  was  flrat  configured  as  a  toroid  mad*  of  ferrite.  For  thle  con¬ 
figuration  a  1/2-cm  gap  with  a  l-cm‘  gap  area  would  ba  chopped  by  a  beryllium 
oxide  aero  reference.  Thie  gap  ahould  control  90%  of  the  Inductance ,  giving 
the  deaired  frequency  change.  Calculation*  indicated  a  Q  of  200  waa  poaalbla 
with  a  0.6  uH  inductor.  However)  whan  teated)  tha  inductance  waa  low  by  a 
factor  of  eight.  It  waa  concluded  that  thla  waa  due  to  flux  leakage  field*. 
Consequently)  the  ratio  of  the  gap  area  to  gap  length  we*  increased  and 
electrostatic  shielding  was  added  to  prevent  tha  atray  fields.  While 
Improvements  resulted,  only  about  SOX  of  tha  inductance  was  controlled  by 
the  gap,  and  Qa  leas  than  100  were  obtained. 

Various  other  farrlte  compositions  were  ax emitted  and  also  other  Inductor  con¬ 
figurations.  A  gapped  cup  design  waa  also  tested,  instead  of  flat  pole  facea, 
two  cups— each  about  1/2  in.  in  diameter  and  containing  a  central  rod — were 
positioned  with  the  opposing  faces  1/8  inch  apart.  Again,  results  were 
Improved  but  not  enough  to  provide  adequate  signal. 

An  air-core  coll  waa  the  final  alternative.  Hera  control  of  tha  flux  was 
simplified  since  it  could  be  contained  in  an  electrostatic  shield.  The  main 
problems  ware  then  to  maximise  the  Q  and  determine  how  tha  chopping  action  could 
be  implemented.  Instead  of  simply  chopping  a  gap,  tha  coll  had  to  ba  surrounded 
so  all  the  volume  within  the  electrostatic  shield  could  ba  filled  alternately 
with  sample  gas  and  aero-reference  material.  An  inductor  1-3/8  in.  OD  by  3/8 
in.  long  waa  made  of  solid  10-gage  wire.  This  required  an  electrostatic  shield 
4  in.  ID  by  3-1/2  in.  long,  which  would  have  required  a  chopper  the  also  of  an 
automotive  angina  piston.  Teats  using  different  sample  gases,  without  a 
chopper,  proved  that  oxygen  did  cause  a  shift  In  the  oaclllator  frequency  in 
close  agreement  with  the  calculated  value. 

Effort  was  then  directed  at  reducing  the  coll  nice  so  a  minimum  sample  volume 
could  be  obtained  that  would  be  possible  to  chop.  As  we  were  operating  on  a 
frequency  range  of  2.5  MHz,  conductivity  was  confined  to  the  surface  and, 
therefore,  the  larger  the  surface  area,  the  smaller  the  inductor  could  be  made. 
Calculations  showed  that  multistranded  Lits  vire  would  be  an  advantage.  A 
183-strand,  44-gage  wire  could  be  made  into  a  coil  3/  4  in.  OD  by  1/  4  in. 
long.  A  413-strand  inductor  might  be  as  small  as  3/8  in.  OD  by  1/3  in.  long. 
Such  wires  have  been  made  commercially,  but  because  we  were  limited  by  off-the- 
shelf  availability,  we  could  not  optimise  coil  alee  and  thorefore  used  a  104- 
strand,  44-gage  construction  for  the  MOD  I  and  MOD  II  tests.  This  resulted 
in  a  coil  1  in.  OD  by  3/8  in.  long,  with  a  Q  of  92. 

4.1,2  Testing  the  Chopper  to  Determine  Positioning  and  Timing  Accuracy 

Tests  were  conducted  to  determine  the  chopper  allowable  drive  poise  rate,  posi¬ 
tioning  accuracy,  and  residual  vibration.  As  a  result,  the  time  allowed  to  move 
the  chopper  from  one  position  to  another  was  increased  from  23  to  69  ms  and 
settling  time  was  increased  from  23  to  46  ms. 


A  second  major  problem  waa  in  actuating  the  chopper  to  move  it  in  and  out  of 
the  sampling  volume  within  the  required  time  intervals  and  with  precise 


positioning.  It  was  decldad  to  uat  a  atappar  aotor  to  do  thle.  A  Sloayn 
Nodal  M063-FD09  was  aalactad.  It  la  daalgnad  to  rotata  1.8  dograea  for  avary 
tlaing  pulaa  appllad  to  Its  flald  coila. 

To  aova  tha  chopper  In  or  out  raqulras  180  dagraaa  of  rotation  or  100  pulaas. 

Sine a  tha  aovoaant  must  ba  accomplished  In  69  as,  tha  average  pulaa  rata  aust 
ba  1  430  par  aecond.  Tha  aotor  can  raapond  to  10  000  pulaaa/a  but  cannot 
atart  or  atop  at  that  rata  without  alawing  or  alaalng  aone  pulaas.  As  wa 
aust  aalntain  precise  synchronisation,  no  slippage  is  allowable.  It  was 
tharafora  nacaaaary  to  daalgn  a  pulaa  genarator  that  would  apply  pulaaa  at 
a  low  starting  and  stopping  rate.  A  pulse  train,  starting  at  300  pulaas/s, 
reaping  to  1  600  and  than  returning  to  300,  waa  designed.  A  5-kfi  potentiometer 
waa  attached  to  tha  aotor  shaft  to  check  its  position  and  aotor  raaponaa. 

Tests  ware  than  made  to  deteraina  tha  allowable  drive  pulse  rata,  poaltlonlng 
accuracy,  and  residual  vibration.  Tha  testa  consisted  of  allowing  tha  motor 
to  aova  tha  chopper  in  and  out  100  tinea  while  monitoring  the  resistance  of 
the  readout  potentiometer.  This  was  dona  at  nominal  stepping  rates  of  1  340 
pulsas/s  for  tha  high-speed  portion  of  tha  motion,  and  repeated  at  1  923  and 
2  220  pulaaa/a.  At  1  340  and  1  925  pulsas/a,  operation  waa  correct,  while  it 
waa  erratic  at  2  220  pulaes/a.  This  means  that  tha  69-ma  period  is  adequate 
for  the  chopper  movement  but  cannot  be  reduced  to  23  me,  which  was  the 
original  time  used  in  designing  the  logic. 

A  aeaaurament  was  nada  to  observe  tha  braking  characteristics  of  tha  motor  by 
applying  5  V  to  the  readout  pot  and  observing  the  waveform  on  a  scope.  We 
observed  a  14-degree  peak-to-peak,  4-ms  period  oscillation  which  decayed  sin¬ 
usoidally  as  the  motor  came  to  raet.  The  ringing  was  still  noticeable  30  ms 
aftar  the  and  of  tho  pulaas.  The  logic  allowed  for  a  23-ma  sat ding  period 
before  sampling  data  was  taken.  The  logic  waa  revised  to  allow  46  as  to 
assure  that  the  chopper  had  come  to  a  complete  step. 

4.  2  Functional  Teats  (MOD  I) 

4.2.1  Test  Results  for  the  MOD  I  Configuration 

The  MOD  I  testing  validated  the  basic  measureaent  concapt  and  lad  to  an  under¬ 
standing  of  tha  aourcea  of  drift  and  noise. 

Tests  were  conducted  on  two  different  systm  configurations.  The  first  con¬ 
figuration,  MOD  I,  served  to  prove  that  the  basic  measurement  concept  was 
valid;  that  la,  that  low  concentrations  of  oxygen  could  be  detected  in  the 
prosence  of  nitrogen,  carbon  dioxide,  end  fuel  vapors.  However,  the  MOD  1 
configuration  also  rovealed  technical  problems  that  would  have  to  be  over¬ 
come  to  achieve  the  accuracy,  resolution,  and  stability  required  for  a  prac¬ 
tical  instrument.  Proof  that  these  problems  ere  solvable  with  continued 
development  is  evidant  from  tha  improved  parformanca  of  the  MOD  II  configuration. 

Measurements  were  made  on  the  MOD  1  system  with  nitrogen,  3  and  10X  oxygen  in 
nitrogen,  10X  carbon  dioxide  in  nitrogen,  eir  (21X  O2),  and  propane.  The 
reaulta  of  these  tests  are  shown  in  the  strip  chart  recording  of  Figure  16. 

It  is  apparent  that  tha  response  is  repeatablt  with  the  different  test  gases. 
Carbon  dioxide  and  nitrogen  have  substantially  an  identical  response.  The 
response  to  an  increasing  oxygen  concentration  appears  to  be  linear,  which  la 
as  it  should  be. 
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The  results  of  the  MOD  I  test  are  not  precise  because  of  a  noise  level  of 
approximately  ±3X  oxygen  plus  drifting.  The  drifting  was  not  caused  by 
temperature  changes,  since  the  temperature  was  monitored  and  was  never 
changed  more  than  leC  during  the  test.  Changes  up  to  1°C  per  100  seconds 
should  not  affect  the  output. 


To  determine  drift  and  noise  level,  the  system  was  operated  continuously  for 
a  period  of  seven  days.  During  this  time  it  was  simply  exposed  to  ambient  air. 
The  output  was  recorded  on  a  strip  chart.  At  the  end  of  the  seven-day  period, 
the  chopper  was  stopped  and  the  electronic  noise  level  determined.  This  showed 
that  the  system  was  capable  of  operating  continuously.  The  output  tended  to 
drift  slowly  with  a  random  pattern.  The  noise  level  increased  several  fold 
periodically  and  then  returned  to  its  normal  level  without  adjustments. 

As  a  result  of  these  tests,  we  gained  considerable  insight  into  the  sources  of 
the  noise  and  the  drifting,  which  are  discussed  in  the  following  paragraphs. 

4.2.2  Noise  Sources  Related  to  Output  Counts  and  Frequency  Changes 

Before  examining  the  sources  of  the  noise  and  drift,  we  summarize  the  general 
scale  ol  effects  leading  to  the  oxygen  measurements.  Output  counts  and  fre¬ 
quency  changes  are  the  two  parameters  of  interest. 


At 


170°C  and  for  the  chopper  operating  on  all  of  the  volume  in  which  the  mag¬ 


netic  field  from  the  sense  coil  lies,  the  following  equation  relates  the  output 

number  of  counts,  N  to  the  oxygen  concentration,  riQ2»  at  a  total  pressure, 

P—  ^ 

T 


Ni70  “  17.4* 


CS) 

\  2  psia /  \  IX  /' 


(1) 


Because  of  the  T  dependence  of  paramagnetism  in  a  gas,  this  equation  becomes 
at  25°C 


:5*  (rjferK^r) 


N25  -  38 


or  referred  to  one  atmosphere  pressure 


(2) 


N25  =  283* 


\l  atm/  \  IX  / 


(3) 


*The  calculation  of  these  constants  is  provided  in  Section  3.0,  System 
Description 
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N  -5  935  counts  (4) 
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This  number  Is  5  to  10%  high  because  the  chopper  fills  only  90  to  95%  of  the 
field  volume. 

The  outputs  given  by  equations  (1)  through  (4)  reflect  frequency  changes  given 
by 
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at  170°C,  and  at  25°C  by 


Af 


f  25  *  8‘6  X  10 


in  that  AN  ■  3.43  x  10 

,4 


or 


AN  -  1.2  x  10" 


0  /  Af  \ 
\  f  J‘ 


(5) 

(6) 

(7) 

(8) 


4.2.3  Measurement  of  Electronic  Noise  with  Chopper  not  Moving 

4. 2.3.1  Pulse-Height  Analyzer  Measurement 

Using  a  pulse-height  analyzer,  the  measured  rms  electronic  noise  at  room  tempera¬ 
ture  when  the  chopper  was  not  moving  was  8.5  counts.  This  corresponds  to  0.49X 
oxygen  at  170°C  and  a  total  pressure  of  2  psia,  or  to  0.035%  oxygen  at  25°C  and 
1  atmosphere.  This  noise  level  resulted  from  rms  frequency  shifts  of  2.5  x  lO-^ 
parts  in  2.86  MHz  or  7.15  x  10~4  Hz.  Clearly,  if  this  variation  bad  been  the  only 
noise  source,  then  we  should  hove  achieved  a  nearly  noise-free  measurement  of  the 
21%  oxygen  in  the  earth’s  atmosphere  at  sea  level. 

4. 2. 3. 2  Strip  Chart  Recorder  Measurement 

When  the  electronic  noise  (chopper  not  moving)  was  recorded  on  a  strip  chart 
(Figure  17),  however,  it  was  approximately  equivalent  to  1-1/2%  oxygen.  The 
apparent  increase  in  noise  when  measured  on  a  strip  chart  as  compared  to  the 
pulse-height  analyzer  was  due  to  the  manner  in  which  the  bits  from  the  binary 
counter  were  transferred  through  the  digital-to-analog  converter.  Also,  the 
theoretical  output  Is  50  chart  divisions  for  21%  oxygen,  or  2.38  divisions  per 
1%  oxygen.  However,  we  only  saw  a  change  of  about  0.84  divisions  per  1%  increase 
in  oxygen.  Since  the  electronic  noise  is  independent  of  chopper  operation,  the 
oxygen  equivalent  is  1.5  *  2.38,  or  0.63%.  This  is  about  178  counts. 
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4.2.4 


Investigation  of  Noise  and  Drift  From  Chopper  Operation 


Chopper  operation  produced  both  baseline  drifts  and  an  increased  noise  level. 

After  analytical  and  experimental  investigations,  the  most  probable  cause 
appeared  to  be  mechanical  instabilities  involving  the  magnetic  field  from  the 
sense  coil. 

When  the  chopper  was  operated,  two  degrading  effects  appeared.  First,  monotonic 
drifts  with  instantaneous  rates  near  600  counts/min.  lasted  for  periods  of  sev¬ 
eral  minutes,  producing  baseline  changes  up  to  16  000  counts  in  about  1/2  hour. 
This  drift  did  not  always  have  a  constant  rate  but  did  appear  to  maintain  the 
same  sign  for  times  approaching  one  hour,  although  it  sometimes  flattened  out  or 
reversed  in  longer  periods.  Second,  the  random  scatter  about  a  line  of  constant 
drift  was  about  100  counts,  rms,  in  comparison  to  8.5  counts  for  the  still  chopper. 
Results  this  good  were  only  achieved  after  securing  the  oscillator  to  the  chopper 
barrel,  inserting  a  flexible  coupling  in  the  motor  shaft,  isolating  the  motor 
from  the  chopper  itself,  and  tightening  both  the  upper  and  lower  screens  as 
much  as  possible.  The  chopper  was  initially  synchronised  manually,  and  no 
mechanical  stops  were  present  for  further  synchronisation.  An  optical  syn¬ 
chronizer  was  available  but  was  not  used  because  of  instabilities  caused  by  the 
temporary  flexible  coupling  in  the  motor  shaft. 

Diamagnetic  Effects  of  Teflon  Chopper — We  investigated  various  causes  of  these 
drifts  both  analytically  and  experimentally.  For  example,  using  an  8-dlglt 
counter  we  measured  the  diamagnetic  effect  of  the  Teflon  chopper  body  after 
eliminating  its  dielectric  effects  with  a  high-resistivity  Aquadag  (graphite) 
coating.  The  frequency  shift  caused  by  the  Teflon  was  about  20  Hz,  corresponding 
to  240  000  counts  at  the  output  (see  equation  (8)).  We  can  explain  this  fre¬ 
quency  shift  by  a  mass  susceptibility  of  0.4  x  10~&,  which  is  a  value  typical 
for  organic  compounds. 

In  order  to  obtain  shifts  near  16  000  counts,  we  had  to  assume  that  the  effect  of 
Teflon  changed  6.7X  in  about  1/2  hour.  However,  temperature  was  not  likely  to 
cause  such  changes  because  the  diamagnetism  of  a  solid  depends  only  to  a  small 
extent  on  temperature  at  a  rate  near  10  ppm/BC.  Thus  a  6.7X  change  would  have 
required  an  impossible  temperature  transient. 

Furthermore,  the  positioning  accuracy  of  the  plunger  at  the  ends  of  its  travel 
was  not  likely  to  have  caused  these  shifts.  Because  the  crankshaft  wrist-pin 
design  for  the  chopper  drive  produces  a  quadratic  (cosine)  dependence  for  the 
motion  of  the  chopper  near  the  limits  of  its  travel,  small  angular  displacements 
of  the  motor  shaft  would  produce  even  smaller  changes  in  the  chopper  position 
when  it  stops.  For  example,  if  the  chopper  travels  1  in.  for  180  shaft  degrees, 
then  a  1.8-degree  shaft  error,  corresponding  to  one  step  of  the  motor,  would  pro¬ 
duce  only  a  0.25-mil  error  in  the  rest  position  of  the  chopper.  Thus,  if  the 
Teflon  diamagnetic  offset  of  240  000  counts  had  been  linearly  related  to  the 
chopper  motion,  this  rather  large  angular  error  would  have  translated  into  60 
counts.  However,  the  magnetic  field  from  the  coil  was  concentrated  near  the 
coil  itself  and  not  near  the  boundaries  of  the  Teflon  chopper  at  rest,  making 
the  output  dependence  on  the  chopper  position  less  than  linear  and  indicating 
that  about  3  counts  was  a  reasonable  estimate  for  the  effect  of  a  1. 8-degree 
shaft  error.  Thus,  we  do  not  consider  the  diamagnetic  offset  from  the  Teflon 
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chopper  to  have  been  «  likely  cause  of  the  lb  000  count  drifts.  Dielectric 
effects  after  the  Aquadag  shielding  were  probably  smaller  than  the  diamagnetic 
effects  and  thus  could  also  be  eliminated. 

Effects  of  Thermal  Transients — We  also  considered  thermal  transients  causing 
errors  as  a  result  of  the  10  ppm/#C  tanperature  coefficient  of  the  oscillator. 
Assuming  a  large  tesiperature  change  of  10BC  applied  with  a  1000-a  time  constant 
to  produce  a  change  lasting  over  16  minutes,  then  the  largest  affect  on  the 
output  would  be  0. 5  counts,  neglecting  the  effects  of  the  noncero  dead  time 
during  the  chopper  motion.  This  thermal  transient  would  have  caused  frequency 
drift  rates  of  3  He/10  a,  which  were  in  fact  occasionally  present  during  testa 
with  the  static  chopper.  Under  those  conditions,  including  the  delay  for 
chopper  motion,  noise  levels  were  small  compared  to  100  counts  and  no  offset 
effects  approaching  16  000  counts  in  the  baseline  were  ever  observed.  Thus, 
the  temperature  coefficient  of  the  oscillator  is  not  likely  to  have  been  the 
source  of  these  drifts. 

Conclusion — We  were  thus  led  to  the  conclusion  that  various  mechanical  insta¬ 
bilities  directly  involving  the  magnetic  field  from  the  sense  coil  were  the 
most  likely  source  of  the  baseline  drifts  and  increased  noise  level.  In  order 
to  obcaln  a  baseline  drift  in  distinction  to  random  noise,  the  coil  inductance 
would  have  to  vary  relatively  rapidly  in  synchronism  with  the  chopper,  and  then 
the  amount  of  this  modulation  would  have  to  change  slowly  over  time  periods 
approaching  one  hour.  In  order  to  obtain  a  16  000-count  baseline  drift,  equa¬ 
tion  (7)  indicates  that  the  modulation  in  frequency  would  have  to  be  at  least 
0.5  ppm,  corresponding  to  an  inductance  modulation  of  1  ppm.  We  investigated 
several  sources  of  modulation  of  this  magnitude,  which  are  discussed  in  the 
following  paragraphs. 

A. 2.5  Effects  of  Screen  and  Metallic  Crankshaft  Modulations  on  Baseline 

Drift  and  Noise  Level 

Both  screen  motion  and  the  metallic  crankshaft  were  secondary  contributors  to 
the  noise  and  baseline  drift.  Screen  noise  was  considerably  reduced  by  adding 
stiffening;  and  it  was  expected  that  Improving  the  shielding  between  the  crank 
and  the  coll,  securing  the  shielding  better,  and  properly  synchronising  the 
chopper  motor  would  reduce  the  effects  of  the  metallic  crankshaft. 

Screen  Motion — It  was  realized  that  the  noise  level  was  extremely  sensitive  to 
the  rigidity  of  the  mounting  of  the  upper  and  lower  screens.  The  addition  of 
stiffening  members  to  the  screens  was  necessary  to  obtain  any  consistent  data 
on  a  scale  of  16  000  counts.  This  fact  was  not  surprising  ir.  that  the  screens 
determined  about  2%  of  the  inductance,  and  thus  motions  of  50  microinches  could 
cause  sudden  16  000-count  steps.  This  problem  was  compounded  by  the  gas-derived 
pulsations  applied  to  the  screens  by  the  chopper  motion  and  the  insecure  nature 
of  the  set-screw  fastening  for  the  upper  screen.  The  set  screws  were  a  partic¬ 
ular  problem  in  that  if  they  were  set  tight  enough  to  hold  the  screen  firmly 
then  they  tended  to  warp  the  chopper  barrel,  causing  the  Teflon  plunger  to  hang 
up  on  its  sides  or  to  touch  the  coil  itself.  Although  we  improved  the  noise 
related  to  the  screens  considerably,  we  could  not  eliminate  screen  motion  as  one 
possible  cause  of  the  baseline  drift,  and  it  almost  certainly  contributed  to  the 
100-count  random  noise,  which  corresponds  to  0.3  microinch  variations  in  the  dis¬ 
placements  of  the  Bcreens. 


Metallic  Crankshaft — We  alao  hypothesised  that  tha  metallic  crankahaft  could 
aodulet*  th#  null  amount  of  magnetic  flald  leaking  through  tha  alot  in  tha  lower 
acrctn  for  tha  connecting  rod  to  tha  plunger.  In  ordar  to  taat  thia  hypothaaio, 
we  operated  tha  chopper  motor  and  crankahaft  with  the  connecting  rod  disconnected 
from  the  crank.  In  this  configuration  a  relatively  conatant  offaat  of  1  300 
counts  appeared,  indicating  that  tha  crank  could  modulate  about  0.08  ppm  of  tha 
field.  This  value  waa  not  inconsistent  with  tha  fact  that  a  screwdriver  placed 
in  the  region  of  the  crank  cauaed  a  frequency  shift  of  leas  than  0.1  ppm. 

Under  these  conditions  the  baseline  exhibited  an  rma  noise  of  about  30  counts, 
and  once  in  a  one-hour  run  jumped  by  about  250  counts.  This  500X  jump  could  have 
resulted  from  a  change  in  the  ahieldlng  provided  by  the  lower  acreen  or  from  a 
3-step  (5.4-degree)  variation  in  tha  motor  synchronisation,  which  was  running 
open  loop.  Thus,  the  crank  was  not  the  primary  cause  of  tha  baseline  drifts 
and  noise,  although  it  did  produce  affects  that  had  to  be  eliminated.  It  waa 
expected  that  these  effects  could  be  reduced  by  Improving  the  shielding  between 
the  crank  and  the  coll,  securing  this  shield  more  rigidly,  and  insuring  that  the 
motor  was  properly  synchronised.  Preferably,  the  plunger  should  be  driven  through 
a  small  round  hole  instead  of  the  large  slot  necessary  to  pass  a  connecting  rod. 

A  linear  drive  for  the  plunger  as  provided  by  a  cam-and-rod  configuration  would 
probably  remove  this  offset  entirely. 


Conclusion— Although  screen  motion  and  the  metallic  crankshaft  contributed  to 
the  noise  and  baseline  drift,  the  motion  of  the  Teflon  plunger  bearing  on  the 
chopper  barrel  appeared  to  be  the  principal  source  of  the  baseline  drift. 


4. 2.5.1 


Effects  of  Motion  of  Teflon  Plunger  on  Baseline  Drift  and  Noise  Level 


The  Teflon  plunger  bearing  on  the  chopper  barrel  on  both  the  up  and  down  stroke 
caused  modulation  of  the  coil  and  movement  of  the  oscillator  circuit  board, 
resulting  in  considerable  noise  and  baseline  drift. 


Clearly  two  things  not  yet  considered  can  move  and  therefore  could  have  caused 
large  effects  on  noise  and  baseline  drift;  namely,  the  coll  itself  and  critical 
components  on  the  oscillator  circuit  board.  If  this  motion  were  repeatable  for 
successive  operations  of  the  chopper,  then  a  synchronously-modulated  signal  of 
constant  amplitude  would  have  resulted  and  would  have  produced  a  constant  offset 
of  the  baseline,  which  could  be  removed  by  electronic  means.  However,  the 
drifting  baseline  that  was  observed  implied  that  the  magnitude  of  this  synchro¬ 
nous  motion  changed  slowly  with  time  as  the  chopper  operated. 


A  possible  source  of  this  type  of  motion  resulted  from  using  a  crank-wristpin 
drive  for  the  plunger.  It  is  inherent  in  this  type  of  drive  that  the  plunger 
must  bear  upon  one  side  of  the  chopper  barrel  on  the  up  stroke  and  then  on  the 
other  side  during  the  down  stroke.  The  magnitude  of  the  radial  component  of 
force  depends  on  the  angle  between  the  connecting  rod  and  the  vertical  and  thus 
causes  small  deflections  of  the  chopper  barrel  which  are  synchronous  with  the 
chopper  motion. 


Because  only  friction  held  the  three-legged  Teflon  coi'  block  in  the  center  of 
the  barrel,  it  was  not  difficult  to  imagine  that  the  deflections  of  the  barrel 
caused  the  coil  to  move  back  and  forth  about  its  nominal  position.  A  1-ppm 
modulation  in  inductance  of  this  form  would  have  caused  a  17  000-coupt  offset 
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In  the  baseline.  If  the  magnitude  of  chla  displacement  changed  at  an  avaraga  rata 
rata  of  0.7X  par  12-a  sampling  interval  aa  a  raault  of  alippaga  or  Taflon  cold- 
flow,  it  would  have  caused  the  obeerved  baaalina  drift  of  600  counta/aln.  If 
this  affect  had  bean  cauaad  by  friction-controlled  alippaga,  we  would  not  have 
expected  it  to  be  unifora  in  tine  but  rather  to  have  occurred  in  spurts,  whereaa 
coldflow  would  have  been  expected  to  be  rather  conatant. 

Both  effects  appeared  present  in  the  measured  data  in  that  sudden  jumps  between 
500  and  2  000  counts  vara  superimposed  on  the  600  counta/nin.  average  drift. 

Teflon  shavings  found  in  the  vent  holes  in  the  barrel  added  evidence  that  the 
plunger  was  bearing  on  the  sides  of  the  barrel. 

We  could  estimate  the  coil  motion  required  to  produce  a  1-ppm  Inductance  shift 
by  observing  that  the  barrel  reduced  the  inductance  of  the  coil  by  about  10X. 

Thus,  motion  of  the  coil  of  about  15  microinch  in  the  1.5- inch-diameter  barrel 
in  synchronism  with  the  motion  of  the  plunger  would  cause  a  sufficient  change 
in  inductance  to  account  for  a  17  000-count  offset.  The  baseline  drift  could 
than  be  explained  by  a  change  in  this  modulation  of  0.1  microinch  per  12-aecond 
sample.  This  modulation  and  drift  rate  did  not  appear  inconsistent  with  the 
materials  Involved  and  the  drive  mechanism,  and  clearly  could  continue  for  many 
hours  before  being  constrained  or  reversed. 

Thus,  it  appeared  essential  that  the  plunger  no  longer  be  permitted  to  bear  upon 
the  barrel  which  shields  the  coil.  Any  necessary  radial  components  of  force 
would  have  to  be  absorbed  by  bearings  outside  of  the  chopper  barrel  and  Isolated 
from  it.  A  Teflon  or  Vespel  rod  would  have  to  be  constrained  to  drive  the  plun¬ 
ger  in  a  purely  linear  fashion  with  sufficient  clearance  and  correct  tolerances 
to  insure  that  the  plunger  touched  neither  the  barrel  nor  the  roil  at  any  time 
during  its  motion.  Finally,  the  coil  wuuld  have  to  be  mounted  to  the  barrel 
in  such  a  way  that  it  could  not  wander  about.  To  prevent  relative  motion 
between  the  coll  holder  and  barrel,  the  three  arms  of  the  coll  holder  would  have 
to  be  pinned  with  considerable  force.  (A  nonsynchronous  slow  creep  of  the  Teflon 
caused  by  coldflow  is  no  worse  than  a  slow  temperature  change  and  thus  would  not 
be  particularly  serious.  It  ■'s  variations  of  the  amplitude  of  motions  which  are 
synchronous  with  the  motion  the  plunger  which  must  be  totally  avoided.) 

The  oscillator  mounting  also  appeared  to  be  a  source  of  excessive  random  noise 
in  the  MOD  I  configuration  and  may  also  have  contributed  to  the  baseline  drifts. 
The  oscillator  mounting  also  appeared  to  be  a  source  of  excessive  random  noise 
in  the  MOD  I  configuration  and  may  also  have  contributed  to  the  baseline  drifts. 
The  oscillator  circuit  board  therefore  was  not  mounted  rigidly  to  the  chopper 
barrel  but  to  a  copper  shield,  which  in  turn  was  glued  to  the  crankhousing.  In 
addition,  the  shield  around  the  oscillator  was  not  tight,  and  enough  field 
leakage  occurred  in  some  configurations  to  cause  frequency  shifts  approaching 
100  He,  depending  on  the  pie*  lent  he  outer  shield.  Also,  it  is  possible 
that  sensitive  components  >oclar  a  with  the  tank  circuit,  such  as  the  wires 
from  the  measure  coll  and  the  coupling  transformer,  may  have  vibrated  synchro¬ 
nously  with  the  chopper  motion,  adding  to  offsets  and  baseline  drifts.  The 
output  and  power  cables  freely  suspended  from  the  end  of  the  oscillator  box 
added  to  these  mechanical  instabilities. 

These  oscillator-related  drifts  and  .\.se  sources  should  also  be  removed  by 
increased  mechanical  rigidity.  The  circuit  components  would  ideally  be  in  the 
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fora  of  a  hybrid  integrated  circuit.  Tha  oscillator  mounting  ahould  bo  an 
intogral  part  of  tha  housing. 

Conclusion — The  analyses  of  tha  NOD  1  taat  raaulta  indies tad  many  araas  where 
changes  could  ba  mads  to  substantially  raduca  tha  noiaa  and  drift.  Tha  chopper- 
osc ills tor  assembly  was  rads signed  to  incorporate  aa  many  of  these  changes  as 
possible  in  a  breadboard-type  assembly.  Tha  MOD  II  unit  was  than  tasted  to 
determine  the  extant  of  improvement  resulting  from  the  changes.  Test  reeulta 
for  the  NOD  II  unit  are  given  in  the  following  pages. 

4. 3  Functional  Tests  (MOD  II) 

4.3.1  Overall  Performance  of  the  HOD  II 

The  MOD  II  tests  show  a  dramatic  improvement  in  performance  over  those  of  MOD  I. 
The  results  support  our  conclusion  that  mechanical  instability  and  vibrations 
were  the  major  problems  with  MU)  I.  Further  Improvements  can  be  made  in  known 
areas  with  a  high  probability  of  meeting  all  performance  requirements. 

Performance  Summary — MOD  II  is  a  completely  new  mechanical  design,  including  the 
substitution  of  Vespel  for  the  Teflon  chopper.  When  testing  was  started  on  the 
new  assembly,  output  was  erratic  with  full-scale  noise.  It  was  then  realised 
that  the  Aquadag  coating  had  not  been  applied  to  the  Vespel  chopper.  When  this 
was  done,  the  noise  level  immediately  dropped.  At  times,  when  sensing  room  air, 
the  system  noise  did  not  exceed  the  electronic  noise  with  the  chopper  stopped 
(see  Figure  18).  This  would  permit  resolution  approaching  IX  of  oxygen!  Further, 
the  output  did  not  drift  more  than  2X  oxygen  equivalent  during  operation  over  a 
10-hour  period.  A  section  of  recording  typical  of  this  performance  is  shorn  in 
Figure  19.  These  results  are  Indeed  dramatic  proof  that  our  assessment  of  rhe 
HOD  1  problems  was  correct  and,  further,  that  with  continued  development  the 
system  should  meet  sll  the  accuracy  and  stability  requirements. 

Noise  Level  Problems— However,  problems  still  exist  with  MOD  II  as  evidenced  by 
a  gradual  increase  in  the  noise  level.  After  16  hours  of  operation  (overnight) 
the  noise  had  increased  to  about  10X  oxygen  equivalent,  but  vithout  any  signifi¬ 
cant  drift  from  the  atmospheric  oxygen  baseline.  As  noted  In  the  subsection  on 
electronic  design  (3.2.2),  any  drift  in  frequency  of  the  free-running  measure 
oscillator  will  change  the  beat  frequency  from  the  crystal  oscillator.  The  low- 
pass  filter  has  a  very  narrow  bandpass  and  a  shift  from  the  22.2  kHz  difference 
frequency  will  cause  an  increase  in  noise.  Manual  tuning  of  the  crystal  oscil¬ 
lator  (a  frequency  synthesizer  in  this  case)  is  then  necessary  to  regain  the 
22.2  kHz  beat  frequency  and  maximize  the  signal  through  the  filter.  However, 
in  this  case  peaking  the  signal  only  decreased  the  noise  to  4  to  SX  oxygen 
equivalent.  This  Indicated  an  additional  noise  source  or  sources  existed. 

On  rapping  on  the  sensor  housing,  the  noise  level  Jumped  to  25  to  30X  oxygen 
reading  and  output  became  erratic.  The  system  was  examined  thoroughly  to  deter¬ 
mine  whether  parts  had  loosened  or  were  defective.  A  bare  wire  located  in  the 
logic  electronics  was  discovered  to  be  lightly  contacting  the  chassis  cover. 

This  was  a  major  contributor  to  the  problem,  bur  others  still  existed  after 
two  days  of  probing  The  noise  level  remained  slightly  above  that  which  existed 
during  the  first  day  of  testing. 


Figure  19.  MOD  II— Stability  Teat  Measuring  goea  Air 


4.3.2  BatiU  Interpretation  of  Gas  5wl«  taata 

A  2- 1/2- hour  continuous  test  of  HOD  II  showed  excellent  repeatability  and  sta¬ 
bility  in  lea  raaponaa  to  varioua  gaaaa  and  concantrationa  of  oxygen. 

Gaa  Sample  Taat— -A  taat  vaa  Bad a  with  a  aariaa  of  gaa  samples  to  ahow  tha 
raaponaa  to  carbon  dioxide,  nitrogen,  propen*,  and  varying  oxygan  concantra¬ 
tiona.  Thaaa  taata  wara  all  mad*  at  ambient  laboratory  tamparatura  and  praaaura. 
Tha  raaulta  ara  ahovn  on  tha  chart  in  Flgura  20.  Tha  chart  covara  about  2-1/2 
houra  of  operation.  Tha  rapaatability  and  atabllity  can  ba  uaan  to  ba  axcallant. 
Tha  raaponaa  between  nitrogan  and  air  (21%  O2.  79X  M2)  ia  about  18  chart 
divialona  with  tha  D/A  convartar  in  a  XI  aoda.  Thin  la  approximately  tha  same 
laval  of  output  aa  for  tha  MOD  I  unit.  It  ia  only  about  36X  of  tha  thaoratlcal 
raaponaa  which  would  give  30  divialona  for  a  21X  change  in  oxygan  concentration. 

Interpretation  of  Strip  Chart  Recording — There  ara  8everal  raaaona  for  tha  laaa 
than  theoretical  output.  The  major  onaa  ara  the  low  Q  of  the  coll,  flux 
leakage,  and  laaa  than  100X  chopping  of  tha  aaople  volume.  With  the  nolaa  laval 
of  about  2X  oxygan  equivalent  observed  during  tha  last  sampling  taata,  a  factor 
of  two  increase  in  signal  would  permit  measurements  approaching  IX  of  true  value. 
If  tha  system  noise  laval  had  bean  aa  low  as  recorded  during  tha  early  tasting 
(sea  Figure  18),  than  tha  increased  signal  would  have  provided  performance  vary 
nearly  meeting  the  ultimata  requirement.  Wa  feel  a  factor  of  two  increase  in 
signal  is  practical  to  achieve. 

A  brief  run  was  made  with  the  D/A  converter  in  tha  X2  mode.  It  can  ba  saen  that 
this  Improves  the  resolution  of  the  measurement,  aa  tha  noise  is  not  amplified 
by  a  factor  of  two.  This  ia  because  tha  system  la  not  analog  based.  However, 
because  of  the  statistical  manner  in  which  tha  data  ara  handled.  If  tha  nolae 
exceeds  a  certain  number  of  counts  it  then  la  more  visible  as  a  spike  on  tha  X2 
scale. 

The  relative  response  to  tha  different  gases  is  the  same  as  found  with  MOD  1. 
Nitrogan  and  carbon  dioxide  have  a  similar  response,  whereas  SX  oxygen  in 
nitrogen  Is  clearly  measurable.  The  output  is  linearly  proportional  to  oxygen 
concentration  (really  partial  pressure)  in  accordance  with  theory.  Propane 
appears  more  diamagnetic  than  nitrogen,  with  about  5  chart  divisions  greater 
change  from  the  room  air  baseline.  However,  sample  data  are  available  to 
prove  this  is  not  true;  it  is  only  -IX  compared  to  oxygen  at  100X.  Therefore, 
we  should  only  see  about  the  same  change  as  with  nitrogen,  which  Is  -0.6X* 

The  reason  for  the  observed  result  is  that  the  propane  is  supplied  from  a  stor¬ 
age  bottle  where  it  is  contained  as  a  liquid  under  about  100  psi  pressure.  Its 
evaporation  causes  a  large  temperature  drop.  The  sample  flow  rate  was  2  000 
cc/min.  through  about  5  feet  of  plastic  tubing.  Without  a  heat  exchanger  to 
warm  the  propane,  it  caused  a  thermal  transient  in  excess  of  the  allowable  1*C 
per  100  seconds.  With  the  sensing  coil  and  electronics  in  a  thermally  controlled 
sons  and  adequate  sample  conditioning,  no  difference  in  response  between  propane 
and  nitrogen  should  be  seen. 

A  3-minute  run  with  100X  oxygen  was  made.  The  zero  position  was  shifted  in 
order  to  keep  the  reading  on  the  chart.  It  is  interesting  to  note  the  low 
nolee  level  of  this  measurement.  Again,  the  response  is  seen  to  be  linear. 
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Figure  20.  MOD  II — Response  to  Cycled  Sample  Gas 
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Conj^lutloM— Although  teat*  vlth  the  HOD  II  unit  war*  brief,  the  data  ara  con- 
clualva  In  shoving  that  thla  cone apt  la  lndaad  faaalbla,  and  w*  have  high 
confident*  that  It  could  ba  davalopad  to  a  practical  laval. 


Baaed  on  th*  demonstrated  capability  of  tha  breadboard,  and  particularly  In 
vlaw  of  th*  significant  lmprovamant  batvaan  MOD  I  and  MOD  II,  v*  ballave 
further  development  of  this  concept  la  most  daalrabla. 


•  Stan  On* 

Aa  a  fir at  step  In  continuing  davalopaant,  wa  suggest  additional 
tasting  vlth  MOD  II.  This  systaa  can  withstand  taaparaturaa  up 
to  12b*C;  however,  tests  thus  far  have  been  United  to  room 
tMparatura.  Based  on  tha  known  availability  of  components  for 
170*C  operation,  MOD  II  performance  at  125*C  would  provide  valid 
data  for  predicting  170*C  results. 


With  th*  addition  of  th*  frequency  control  circuitry  (phase-locked 
loop),  long-tarn  operating  characteristics  could  be  assessed.  With 
th*  lnplaaiantatlon  of  thermal  control,  sample  conditioning,  potting, 
and  rig id it in#  of  the  electronics  aa  wall  as  a  continued  debugging, 
the  ultimate  accuracy  and  stability  of  the  electronics  could  be 
closely  approached. 


Step  Two 


Assuming  favorable  results  from  this  first  step,  we  suggest  next 
going  to  an  engineering  model.  This  would  Incorporate  the  Improve¬ 
ments  from  the  MOD  II  tests  into  a  unit  configured  for  fuel-tank 
Installation.  After  completion  of  tests  with  the  engineering 
modal  to  verify  tha  acceptability  of  the  design,  a  production 
prototype  would  be  fabricated.  This  unit  would  ba  used  for  final 
qualification  testa  to  assure  full  compliance  vlth  all  flight 
operational  requirements. 
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